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ABSTRACT
Development and Optimization of Imaging and Image Quantification Techniques for TissueEngineered Blood Vessel Mimics
Ashley Jean Turcott
Blood vessels mimics (BVMs) are tissue-engineered blood vessels used to test vascular
devices in an environment that mimics some simple anatomical factors of native blood vessels.
It is important to accurately and consistently assess tissue-engineered blood vessels, although
there is currently a lack of standardization in Cal Poly’s Tissue Engineering Lab and in the
entirety of the field. The goal of this thesis was to develop and optimize imaging and image
quantification techniques for tissue-engineered blood vessels.
The first aim of this thesis optimized and compared imaging and assessment techniques for
electrospun scaffolds. Images from different SEMs were compared to determine the benefits
and drawbacks of each microscope. Several materials were also imaged using these
microscopes to characterize polymers at the microscopic scale and to compare the quality of
images from different SEMs.
The second aim of this thesis validated and implemented a MATLAB-based automatic fiber
diameter measurement tool. Fiber measurements were obtained from a manual ImageJ
method, a semi-automatic DiameterJ method, and a new automatic MATLAB method and
compared to evaluate accuracy and user variability of the MATLAB tool. The results of this aim
validated the accuracy of the MATLAB tool and showed that it resulted in lower user variability
as compared to other fiber diameter measurement methods.
The third aim of this thesis developed imaging techniques for novel silicone BVMs at each stage
of development. Evaluation techniques to quantify cell adhesion and coverage on silicone BVMs
using SEM, widefield fluorescent imaging, and immunochemistry were developed. After refining
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those methods, they were applied and adapted to silicone BVMs with deployed devices. BBI,
H&E, and PECAM-1 staining were all found to be effective assessment methods for silicone
BVMs. Overall, the work described in this thesis increased the consistency, standardization, and
accuracy of scaffold and BVM assessment in Cal Poly’s Tissue Engineering Lab.
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Chapter 1: INTRODUCTION
1.1 Relevance & Introduction to BVMs
Diseases of the cardiovascular system are very prevalent as 48% of US adults over 20 years of
age have cardiovascular disease1. Heart disease, a subcategory of cardiovascular disease, is
the leading cause of death in the United States, costing approximately $219 billion each year in
health services, medicines, and death-related losses in productivity. Coronary heart disease is
the most common type of heart disease, afflicting approximately 7% of US adults. Plaque buildup in the arteries causes the vessels to narrow, which restricts blood flow to the body. Plaques
can also rupture and cause blood clots, which can completely block the flow of blood and lead
to myocardial infarction or stroke2.
Cerebral aneurysms are another type of cardiovascular disease. They are bulges or ballooning
in a blood vessel in the brain that can cause a hemorrhagic stroke if ruptured. It is estimated
that two percent of the population has one or more cerebral aneurysms, but it is difficult to
determine the exact number as patients with unruptured aneurysms may be asymptomatic3.
For these reasons, it is important to develop models to test intervention methods to decrease
the impacts of vascular disease. There are currently many in vitro and in vivo methods to test
intravascular devices, but many in vitro models lack anatomical similarity while many in vivo
methods are timely and costly. Blood vessels mimics (BVMs) are tissue-engineered blood
vessels used to test vascular devices in an environment that mimics some simple anatomical
factors of native blood vessels, such as the dimensions and cellular constituents. Cal Poly’s
Tissue Engineering Laboratory creates BVMs by culturing endothelial cells onto polymer
scaffolds4. BVMs are not currently capable of replacing animal testing, but they can serve as
intermediate device-testing models between in vitro and in vivo testing as they mimic some
aspects of a native blood vessel.
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1.2 BVMs vs. Native Blood Vessels
A native blood vessel consists of three layers: the adventitia, the tunica media, and the tunica
intima, as shown in Figure 1A. The outermost layer, the adventitia, is composed of collagen-rich
connective tissue, fibroblasts, perivascular nerves, and several types of immune cells, and
provides support and structure to the vessel5. The middle layer, the tunica media, consists of
smooth muscle cells and connective tissue, which regulates the diameter of the vessel. The
innermost layer, the tunica intima, consists of a layer of endothelial cells that directly contact
circulating blood. The BVMs created in Cal Poly’s Laboratory are primarily aimed at modelling
the direct blood-contacting surface of the tunica intima and the structure of the adventitia, as
they consist of endothelial cells and a cylindrical scaffold6, as seen in Figure 1B.To simplify the
model, components of the tunica media can be left out of the model, although some work in the
lab has included this component as well7 8.

A

B

Figure 1: A native blood vessel compared to a tissue-engineered BVM. (A) The structure of
a native blood vessel, (B) the structure of a tissue-engineered BVM9.

1.3 BVM Component Details
Cal Poly’s Tissue Engineering Lab works to create blood vessel mimics (BVMs). The lab has
historically used both endothelial cells and smooth muscle cells in their model, but is currently
2

focusing on endothelial cells alone, specifically human umbilical vein endothelial cells
(HUVECs)8. The lab primarily has used electrospun PLGA scaffolds but recently has been
experimenting with electrospun PLLA and PCL, as well as silicone. Scaffold characteristics are
essential in promoting cell adhesion and they differ greatly between materials. PLGA, PCL, and
PLLA are all electrospun onto cylindrical charged mandrels, resulting in fibrous tubes, as
illustrated in Figure 2 that allow pockets between the fibers for cell adhesion.

Figure 2: PLGA electrospun scaffold, Hitachi SEM 1000x.
Scaffold fiber diameter is extremely important for cell adhesion as it drives porosity. Large fibers
and large pores allow cells to pass through the scaffold while smaller fibers and smaller pores
better retain cells. Mixing salt into the PLGA solution prior to electrospinning has been shown to
further minimize fiber diameter which increases cell adhesion10.
In addition to electrospun polymers, which have been used in the lab for many years, another
scaffold material under investigation is silicone. Silicone is fabricated using a molding process
and has been used by other laboratories to model blood vessels; but, since it is nonfibrous and
nonporous, cells do not tend to adhere directly to the scaffolds11 12 13 14 15. Fibronectin coatings
have been shown to increase cellular adherence, so the silicone scaffolds in Cal Poly’s lab have
been coated in fibronectin12 14.
3

The Tissue Engineering Lab creates two BVM models: a straight vessel and an aneurysm
model. The straight vessel has primarily been used to optimize BVM fabrication and
quantification techniques and for stent testing, while the aneurysm model has been used for
testing of flow diverters7, 16.
1.4 BVM Characterization
For a BVM, there are typically several stages of evaluation and characterization as shown below
in Figure 3. The first stage is scaffold characterization. As previously stated, fiber diameter is
critical to cell adhesion. Once cells are seeded onto the scaffold, cell adhesion and coverage,
and potentially phenotype, are critical in establishing an anatomically representative model for
device testing. Once a device is deployed, a variety of parameters including endothelialization
can be measured to evaluate device performance. To obtain these measurements, Cal Poly’s
Tissue Engineering lab has primarily utilized a combination of SEM, fluorescent, and confocal
imaging. Each of these methodologies will be reviewed in more detail in subsequent sections.

Figure 3: BVM evaluation methodologies. (A) SEM image of an electrospun PCL scaffold, (B)
fluorescent image of a nuclear-stained silicone BVM, (C) fluorescent image of a nuclear-stained
silicone BVM with a deployed device.

4

1.5 Other Characterization Methods to Consider
Before detailing the most common characterization methods for BVMs, which include SEM,
fluorescent, and confocal imaging, it is important to recognize that many other characterization
methods exist and have been utilized for other tissue engineered blood vessel work in the field.
Many groups have studied tissue engineered blood vessels for disease treatment as well as
modelling, and have adopted different ways to assess them using a variety of imaging and
quantification methods. Some of these methods will be summarized here, as background and
context for the work performed in this thesis.
Phase contrast microscopy is an optical technique often used to capture images of cells or other
transparent specimens by enhancing the contrast of the image, as shown in Figure 4. The
images produced are similar to those captured by a fluorescent microscope of a stained
specimen, although specimens do not need to be fixed for phase contrast microscopy and can
be imaged live17. This technique has been used to characterize endothelial cell and smooth
muscle cell morphology and attachment on silicone rubber tubes11 18.

Figure 4: Human glial brain tissue under brightfield and phase contrast microscopy. (A)
Brightfield microscopy, (B) Phase Contrast microscopy17.

5

Fluorescent microscopy has been used in combination with immunostaining with antibodies to
factor VIII-related antigen to quantify endothelial cell phenotype and with Hoechst staining to
quantify cell adhesion on a tissue-engineered blood vessel 11 12. White light microscopy is a
simple tool for assessment of cell morphology and adhesion. It has been used in combination
with Trypan Blue and a hemocytometer to obtain a basic endothelial cell count11. It has also
been used in combination with a hematoxylin and eosin stain to assess cell morphology15.
Confocal microscopy is a powerful and useful tool for imaging BVMs. It subjects a specimen to a
beam of light and captures that specimen’s fluorescence19 20. Confocal imaging can be paired
with a number of different stains but has been used with phalloidin labeling for f-actin fibers and
silver staining for intercellular junctions on endothelial cells on a tube21 22 12 13 14.
Another assessment method for tissue-engineered blood vessels is to measure concentrations
of prostacyclin, nitric oxide, and endothelin-1, as these are all important vasodilators or
vasoconstrictors23 24 25. PGI2, NO, and ET-1 production levels by endothelial cells on a silicon
rubber scaffold have been compared to control endothelial cells to quantify cell function as part
of a tissue-engineered construct18. The expression of Intercellular adhesion molecule-1 and ESelectin have also been measured in endothelial cells to assess cell function12 15.
A Northern Blot Analysis has been used to quantify endothelial cell RNA concentrations by
comparing cells on a tissue-engineered construct to control cells11 14. In this method, RNA is
isolated, denatured by electrophoresis, and transferred to a nylon membrane where it can be
quantified26. mRNA levels in endothelial cells has also been measured using quantitative PCR12
15

. If a tissue-engineered blood vessel contains smooth muscle cells, one of the important

functions is contractility. So, contractile forces of the artificial vessel can be compared to those
of a native vessel to measure cell function27.
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Figure 5 depicts the images generated from several of these assessment methods when
applied to tissue-engineered blood vessels. Figure 5A shows Hoechst staining, Figure 5B
shows silver staining, Figure 5C shows imaging of actin fibers, Figure 5D shows phalloidin
labeling, Figure 5E shows phase contrast microscopy, and Figure 5F shows imaging of an
antibody for smooth muscle α-actin.

Figure 5: Assessment methods for tissue-engineered blood vessels. (A) Hoechst
staining12, (B) silver staining21, (C) actin fibers22, (D) phalloidin labeling12, (E) phase contrast
microscopy11, (F) antibody for smooth muscle α-actin11.
The above summary illustrates that there are a wide assortment of imaging and assessment
modalities for tissue-engineered blood vessels. Each research group has a different way of
evaluating the success of their model, and many of those methods are visual or qualitative in
nature. The lack of standardization in evaluation could provide difficulty in determining which
models are the most anatomically similar, and for any research group or model, it is worth
evaluating assessment methods in order to implement optimal and standard approaches.
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1.6 Progression of BVM Work in the Cardinal Lab
Over the past 15 years, there have been many iterations of the BVM model in the Cardinal lab
that have led to its evolution as it can been seen today. Assessment methods have also varied
over the years, as the lab has worked to accurately evaluate their vessels. In 2006, Cardinal et
al. used expanded polytetrafluoroethylene (ePTFE) lined with human microvessel endothelial
cells to determine the validity of a BVM to test cobalt-chromium alloy bare metal stents. To
evaluate the model, a small section of each vessel was assessed before device deployment.
Scanning electron microscopy (SEM) was used to visually evaluate cell morphology;
hematoxylin and eosin (H&E) under a white light microscope was used to verify histological
structure; immunochemistry verified cell phenotype; and bisbenzimide (BBI) under a widefield
fluorescent microscope was used to evaluate cell coverage and adhesion. After device
deployment, optical coherence tomography (OCT) was performed to evaluate tissue
development and cellular response to the stent using cross-sections of the inside of the vessel.
This study supported the use of BVMs for preclinical evaluation of cellular responses to stent
implantation28.
In 2009, Cardinal et al. used a similar method to evaluate a BVM’s capability to test proteincoated stents. To evaluate the model, SEM, H&E, immunochemistry, and BBI were all used as
they were in 2006. The results of the study supported the use of BVMs for preclinical evaluation
of cellular responses to surface-modified stent implantation29.
In 2007, Bonnema et al. utilized optical coherence tomography (OCT) to visually evaluate the
cellular lining of BVMs and the response to a bare metal stent. The OCT system was paired with
an endoscope so that it could be repeatedly inserted into the BVM lumen without damage to the
cell lining. This system was indicated to be a useful tool for monitoring cellular linings and cell
response to a metal stent. In 2008, Bonnema et al. developed an image analysis program to
pair with the endoscope OCT system which could calculate percentage cellular coverage over
8

stent struts30. In 2009, the OCT system was further refined to enable radial and spiral scanning
as well as adjustment of the axial focal distance31.
In 2016, the Cardinal Lab established a protocol for dual-sodding smooth muscle cells and
endothelial cells onto electrospun PLGA scaffolds. They also compared the use of an umbilical
cell source versus a coronary cell source. Histology with H&E and SEM were used to assess
cell coverage on the scaffolds8.
In 2019, the Cardinal Lab used BVMs to test intravascular devices in complex geometries that
more accurately mimicked the anatomical conditions of an occluded artery. HUVECs were
seeded onto ePTFE scaffolds and a bare metal stent was deployed into a U-shaped BVM after
14 days of cultivation. SEM, H&E, and BBI were again used to evaluate the model. Nuclear
stained images were used to manually count cell coverage and compare densities between
different segments of the BVM. This study served as a proof of concept that stents can be
deployed in a complex-shaped ePTFE BVM while maintaining the underlying cell layer16.
Again in 2019, and in 2020, the feasibility of using a BVM as an early-stage model for
neurovascular flow diverters was tested. Flow diverters were deployed in straight-vessel and
aneurysm-shaped BVMs to measure cell coverage over and around the device. HUVECs were
seeded onto electrospun PLGA scaffolds and flow diverters were deployed 24 hours after cell
deposition. Cell coverage was visually evaluated using scanning electron microscopy. BVMs in
general, and custom aneurysm BVMS, were found to be a feasible model for testing cellular
response to flow diverters7 32.
Overall, the BVM work summarized here illustrates that endothelial and smooth muscle cells in
combination with an ePTFE or PLGA scaffold can serve as a viable pre-clinical in vitro model for
early device evaluation. BVMs have been used to test metal stents, imaging probes, and flow
diverters in aneurysm models. A wide variety of methods have been used to assess these
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models, including OCT, SEM, H&E, BBI, and immunochemistry, but there has been a lack of
consistency in assessment methods. Each study used a different combination of these methods
and most results were qualitative, which while important, are left to user interpretation. With all
of this previous experience to draw from, it would be useful to establish consistent assessment
methods that minimize variation or interpretation differences between users. It is also important
to closely understand the imaging and assessment methods that have been, and will likely
continue to be, most commonly used for BVMs.
1.7 SEM Imaging
Scanning electron microscopy (SEM) is an imaging technique that is commonly used for tissueengineered blood vessels and has been used for nearly all the previous BVM work in the
Cardinal lab. This technology captures high resolution grey-scale images at high magnifications.
Electrons have significantly shorter wavelengths than white light, so they can produce images at
higher resolutions.
In an SEM, electrons are produced at the top of a column and passed down that column
through a series of lenses to produce a beam of electrons that is focused onto the sample of
interest. The sample is mounted onto a stage in the sample chamber which is evacuated prior to
imaging, as shown in Figure 6. When the beam of electrons hits the sample, secondary
electrons, backscattered electrons, and characteristic x-rays are produced and their signals are
captured by a detector33. Secondary electrons are produced when beam electrons repel
specimen electrons and cause the specimen electrons to exit the sample at a slow speed.
These repelled electrons are then attracted to the positively charged detector34. Backscattered
electrons are produced when an electron is attracted to a positive nucleus, but the angle of
impact causes the electron to circle around the nucleus and shoot back away from it at a high
speed35. These collected electron signals are then translated into an image that appears on a
connected computer screen. The resolution of an SEM depends on spot size and level of
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vacuum, but most SEMs provide a resolution between 1 and 20nm, as compared with a
resolution of between 200 and 250nm for white light microscopes. Past this point, the human
eye can longer distinguish the difference between two points 33. White light microscopy will be
further discussed in a later section.

Figure 6: The components of a scanning electron microscope33.
To prepare a sample for SEM imaging, various preparation steps are required depending on the
material or sample to be imaged and type of SEM to be used. These steps could include
fixation, desiccation, mounting, and sputtercoating. Fixation is required for a live sample, such
as a BVM with an endothelial cell lining. Desiccation dries out the sample, which increases the
quality of the image. Mounting adheres the sample to an SEM-specific stub to eliminate any
movement in the vacuum chamber. Sputtercoating with small metal pieces increases the
conductivity of the sample’s surface without obstructing any of the section to be imaged.
Cal Poly’s Tissue Engineering Lab utilizes three SEMs: a JEOL JSM-6390, an FEI Quanta 200,
and a Hitachi TM-1000. These machines operate at different levels of vacuum, which will be

11

discussed in further detail in a later section. In general, high vacuum SEMs operate between
10E-5 and 10E-7 Torr and are used to image coated, conductive samples at higher resolutions
and require more preparation steps36. Low vacuum and environmental SEMs are used to image
uncoated, nonconductive samples at lower resolutions and require fewer preparation steps. Low
vacuum SEMs use the remaining gas in the sample chamber to stabilize charge, so that images
appear more monochrome, even samples are non-metal or uncoated. Environmental SEMs
operate similarly to low vacuum SEMs in that they can process non-conductive and wet
samples, but they use gas thermodynamically to prevent the evaporation of liquid or initiation or
chemical reactions37. If a sample in a high vacuum SEM has low conductivity, this could lead to
high variability in electron intensity across the sample and therefore a high contrast image.
Some machines have different modes for different levels of vacuum, which allows for increased
versatility in image generation capabilities.
1.8 Widefield Fluorescent Microscopy
Widefield fluorescence microscopy is another common technique for assessing tissue
engineered blood vessels, and specifically BVMs. It subjects a specimen to an intense beam of
light from a mercury or xenon arc-discharge lamp. The secondary fluorescence of the sample
can then be viewed directly through the eyepiece or on a connected computer system.
Widefield fluorescent microscopy is typically paired with a fluorescently labeled sample.
Samples are labeled with a marker that fluoresces at a small range of wavelengths, so when
light at the appropriate wavelength is shone on the specimen, it will appear a specific color. Any
auto-fluorescence or background fluorescence from the specimen will be captured in the image
along with the target fluorescence, which can decrease the quality of the image or provide a
challenge in discerning background fluorescence from target fluorescence19. As previously
mentioned, widefield fluorescence has been used in conjunction with immunochemistry to
identify specific cell types or nuclear stains to quantify cell adhesion11 12.
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1.9 Confocal Imaging
Confocal laser scanning microscopy is similar to widefield fluorescent microscopy but utilizes a
more complicated system and produces higher quality images. The system contains a laser
excitation source, pinhole apertures, filters, and mirrors to produce high quality images of
fluorescent-emitting specimens. Confocal microscopy is similar to traditional widefield
fluorescent microscopy in that it subjects a specimen to a high intensity beam of light and
captures the specimen’s secondary fluorescence, but it is able to significantly decrease
background fluorescence to produce sharper and more detailed images by filtering all light
through a small pinhole. In a confocal microscope, light is emitted by a laser excitation source
and passed through a pinhole aperture. These lasers are reflected off a dichromatic mirror,
through the objective, and onto the narrow focal plane of the specimen. Secondary fluorescence
is emitted from the specimen and reflected back through the mirror as it converges at another
pinhole aperture. The light is then transmitted to the photomultiplier detector and an image or
images are produced on the computer system. Any fluorescence that occurs above or below the
focal plane on the sample will not be reflected back through the pinhole, so it will not appear in
the image, as shown in Figure 7. This pinhole method allows for a significant decrease in
background fluorescence over widefield fluorescent microscopy19 20.
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Figure 7: The components of a confocal microscope19.
To prepare a sample for confocal imaging, it must be fixed and tagged with a fluorescentemitting molecule. This can be in the form of a simple nuclear tag or a more complicated
antibody stain that tags specific proteins.
1.10 Immunochemistry
Immunochemistry can be combined with white light, fluorescent, or confocal microscopy to
produce images that identify specific cell types. It uses antibodies to identify and locate proteins
and antigens in tissue samples and then tags them with a colored or fluorescent dye. Four
major steps are employed in immunochemistry, as shown in Figure 8. The first step in the
process is to fix or freeze the sample so that the tissue and antigens are preserved and the cells
do not begin to undergo necrosis38. Common fixatives include formalin, paraformaldehyde
(PFA), and glutaraldehyde38 39. Then, an antigen-retrieval step is performed to expose antigenic
sites, allowing antibodies to bind. This antigen-retrieval can be performed using a heat
treatment or an enzymatic treatment to expose epitopes. There can also be non-specific
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antibody binding sites of a tissue sample that can cause background noise or false positives in
the staining. Blocking these non-specific sites with a serum or reagent is important to ensure the
antibodies are specifically binding. The sample is then incubated with the primary antibody,
either for direct or indirect detection. In direct detection, the label is connected to the primary
antibody and no further steps are required. In indirect detection, the label is connected to a
secondary antibody that requires another incubation step. Direct detection removes a step from
the process, but indirect detection allows for the amplification of the signal since more than one
secondary antibody binds to each primary antibody. Secondary antibodies can have
chromogenic or fluorescent labels. Chromogenic labels only require brightfield microscopes and
tend to be more stable over time, but fluorescent labels are preferable for viewing multiple
antigens and the signal is easier to amplify38.

Figure 8: The four-step process of immunochemistry. Immunochemistry follows a basic
four-step process that varies depending on type of stain. The first step is fixation or freezing,
followed by antigen-retrieval and non-specific blocking, then primary antibody incubation and
secondary antibody incubation.

1.11 Image Processing
SEM, fluorescent microscopy, and confocal microscopy, the three imaging modalities commonly
used in Cal Poly’s Tissue Engineering Lab, all provide visual representations of their respective
specimens, but do not provide any quantitative assessment without further image processing.
Visual assessment is valuable and provides important information about a specimen, but it is
subjective and cannot show any statistical significance. When evaluating a BVM, it is important
to obtain quantitative data about characteristics related to the scaffold or cellular components.
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As stated previously, one important aspect of BVM development is scaffold morphology,
including porosity and fiber size. To optimize porosity, scaffolds are electrospun using different
parameters and SEM is used to image representative segments. From these images, fiber
diameter can be measured, although measurement methodology varies. Cal Poly’s lab has
historically used two different quantification methods: an ImageJ-based method and a
DiameterJ-based method. ImageJ allows for the manual measurement of multiple fibers using a
pixel to micron conversion ratio and a line tool. These measurements can then be averaged to
determine fiber diameter of a scaffold. DiameterJ requires the user to input several parameters
of the image, but the software itself performs the measurements40. Both methods provide a
method to quantify fiber size but have several steps that require user input and therefore are
susceptible to user error.
Another important aspect of BVM development is the cell interaction with scaffolds. To evaluate
the cellular aspects of BVMs, SEM, fluorescent nuclear staining, and immunochemistry have
been used in Cal Poly’s lab. SEM images of BVMs can be compared to SEM images of
scaffolds to visually assess the portions of a BVM with cell coverage. This method provides a
good qualitative assessment of cell coverage but is subjective and does not provide for any
numerical analysis. Nuclear staining in conjunction with fluorescent microscopy provides images
that show cell adherence and distribution. These can also be used to count cells in a specific
area so different BVMs can be quantitatively compared. But nuclear stains do not provide any
information about cell morphology and they do not stain specific cell types. Immunochemistry
provides information about cell morphology and cell type, but quantitative analysis is more
difficult than for nuclear staining. Each method has its own benefits and drawbacks, so BVM
assessment is most successful when a combination of these methods is utilized.
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1.12 Summary and Aims of the Thesis
BVMs are becoming a useful preclinical model for intravascular device testing, for devices
ranging from coronary stents to cerebral flow diverters. In order for this model to be most
effective, standard methods of model evaluation need to be developed. The overall goal of this
thesis was to optimize and refine imaging and image quantification techniques for BVMs during
various stages of development. To accomplish this goal, three aims were pursed: 1)
optimization of electrospun scaffold SEM imaging, 2) validation and implementation of an
automatic MATLAB-based scaffold characterization tool for SEM images, and 3) development of
imaging and image quantification techniques for novel silicone BVMs. Each aim is further
detailed below.
The first aim of this thesis was to optimize and compare imaging and assessment techniques for
electrospun scaffolds. Images from three different SEMs were compared to determine the
benefits and drawbacks of each microscope. Several different materials were also imaged using
these microscopes to characterize polymers at the microscopic scale and to compare the quality
of images from different microscopes on these materials.
The second aim of this thesis was to validate and implement a MATLAB-based automatic fiber
diameter measurement tool. Fiber measurements were obtained for two SEM image sets using
a manual ImageJ method, a semi-automatic DiameterJ method, and a new automatic MATLAB
method. The measurements obtained using the automatic MATLAB method were compared to
the other methods to validate the accuracy of the tool. Fiber measurements were also obtained
from two synthetic image sets using the MATLAB method to validate the accuracy of the tool.
Additionally, three users performed each measurement to evaluate user bias. The hypothesis of
the study was that the automatic MATLAB tool would accurately report fiber diameter within a
pre-determined range, and that variability between users would be minimal. The outcome from
this aim was submitted for publication.
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The third aim of this thesis was to develop imaging techniques for novel silicone BVMs at each
stage of development. Since silicone is a new scaffold material in the laboratory, evaluation
methods previously used for electrospun scaffolds required modification. The first step in the
process was refining evaluation techniques to quantify cell adhesion and coverage on the
silicone scaffold using SEM, widefield fluorescent imaging, and immunochemistry. After refining
those methods, they were applied and adapted to silicone BVMs with deployed devices.
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Chapter 2: AIM 1 Optimization of Electrospun Scaffold Imaging
2.1 Introduction
2.1.1 Introduction Overview
Scaffolds serve as one of the two main building blocks for tissue-engineered blood vessel
mimics, so it is important to accurately visualize and quantify their characteristics. Therefore, the
goal of the first aim of this thesis was to optimize and compare imaging and assessment
techniques for electrospun scaffolds. Images from three different SEMs were compared to
determine the benefits and drawbacks of each microscope. PCL, PLLA, and PLGA with salt
were also imaged using the three different SEMs to characterize these polymers and to
compare the image quality between microscopes for different materials. Prior to describing the
methods and results from this aim, it is important to provide some additional background
information.
2.1.2 Scaffold Electrospinning
Electrospinning is the process by which polymer scaffolds are created in Cal Poly’s Tissue
Engineering Lab. The process forms polymer fibers with diameters on the micro and nanoscale
that are capable of retaining cells. An electrical field is applied across a polymer solution and a
collector plate, which forces jets of polymer solution out of a small hole and onto the collector
plate. As the polymer solution travels, the attached liquid evaporates and the polymer
elongates, leaving a long polymer fiber to hit and adhere to the collector plate. This process
repeatedly occurs, creating a web of polymer fibers41. In Cal Poly’s Lab, PLGA, PCL, or PLLA
are dissolved in chloroform at various weight percentages and then these mixtures are
electrospun onto cylindrical mandrels32.

19

2.1.3 Polymer Scaffolds
The three electrospun polymer materials currently used in Cal Poly’s lab are PLGA, PCL, and
PLLA. PLGA, or poly(lactic-co-glycolic acid), is a copolymer of poly lactic acid (PLA) and poly
glycolic acid (PGA). It is biocompatible, biodegradable, and can be molded into almost any
shape or size42. It has been used most commonly in the Cal Poly’s lab to fabricate BVMs. PCL,
or polycaprolactone, is a biodegradable polymer with highly tunable mechanical properties. It
can be easily molded into three dimensional platforms due to its rheological and viscoelastic
properties, making it a viable option for BVM scaffolds, although minimal testing has been
performed to show efficacy for cellular adherence43. PLLA, or Poly (l-lactic acid), is a brittle,
biocompatible polymer that can be easily modified by copolymerization reactions44 It also shows
potential as a BVM scaffold material, but has not undergone testing to show efficacy.
2.1.4 PLGA/Salt Scaffolds
Along with the new polymers being tested in Cal Poly’s lab, standard PLGA has also been
modified for improved electrospinning. To improve the material properties of PLGA scaffolds,
the Cardinal lab has added salt to the PLGA solution prior to electrospinning. This results in
smaller fibers and therefore smaller pores (Ryan Murphy SURP 2018, unpublished). The goal of
adding salt to PLGA scaffolds is to create smaller fibers and therefore smaller pores, so fewer
cells will slip through the pores in the scaffold as compared to that of a standard PLGA scaffold.
But, smaller fibers require a higher level of magnification for imaging, which can cause
challenges during scaffold assessment.
2.1.5 Scaffold Image Preparation
After a scaffold is spun, there are several preparation steps that need to be applied before the
scaffold can be imaged. The first is desiccation to remove any remaining liquid from the
scaffold. Environmental SEMs are designed to handle wet samples, but standard SEMs are
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meant for dry samples, so it is important that a scaffold sits in the desiccator at least overnight
before imaging on a standard SEM45. After overnight desiccation, the scaffold must be removed
from the mandrel and cut longitudinally in half. One or more samples, ideally from different
portions of the scaffold to get a representative picture of the entire scaffold, are cut off the
scaffold using a razor blade or sharp scissors. Then, these samples can be mounted, potentially
sputtercoated, and imaged.
2.1.6 SEM Modalities
After a scaffold is prepared, it is ready to be imaged. As previously mentioned, Cal Poly’s
Tissue Engineering lab uses three SEMs: a JEOL, a Quanta, and a Hitachi.
The JEOL SEM has a magnification range of 5x to 300,000x with a resolution of 3nm and
voltage settings between 0.5 and 30kV. It operates at high vacuum, therefore reaching usable
vacuum at 5E-5 Torr, although the pressure continues to drop and fluctuate as the machine is in
use. The chamber stage has tilt capabilities between -10 and 90 degrees and can
accommodate specimens up to six inches in diameter. There is an upgrade available that allows
the microscope to operate at low vacuum, although Cal Poly’s machine does not have this
capability46. There are usually many settings on a SEM that can be altered by the user. On the
JEOL SEM, the user can change voltage, spot size, angle of specimen stage, and working
distance. One of the most important settings is spot size, which is the diameter of the beam at
the surface of the specimen. Decreasing spot size results in a sharper but grainier image while
increasing spot size results in a less sharp but smoother image47.
The Quanta SEM is an environmental SEM which can operate in high vacuum, low vacuum, or
environmental mode. High vacuum mode is the standard SEM mode for capturing images of
dry, conductive specimens. Low vacuum mode is meant to capture images of nonconductive
images without adding a conductive material to the sample. Environmental mode is meant to
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capture images of wet samples, so the specimens do not have to be dehydrated before
imaging. The microscope has a resolution of 3nm, voltage settings between 0.2 and 30kV, and
the specimen stage can tilt between -15 and 75 degrees48, 49.
The Hitachi SEM has a magnification range of 20x to 10,000x and voltage settings up to 15kV.
The microscope can operate at either “Standard observation mode” or “Charge-up reduction
mode”. Standard observation mode is similar to a standard high vacuum SEM while charge-up
reduction mode allows for image capture of nonconductive samples without preparation steps to
increase conductivity50, 51.
2.1.7 SEM Charging
Charging is a common issue in SEM imaging in which the image appears to have overly high
contrast. Some areas appear bright white while others appear dark grey or black, which makes
it difficult to discern the content of an image. This phenomenon occurs when there is a build-up
of positive or negative charge on the surface of a sample. Charging most commonly occurs in
non-conductive samples in which the primary beam electrons do not have a direct path to the
conductive sample stub52. Different materials cause different amounts of charging, so it is
important when using a new material to test the level of charging in its images. Since some
SEMs mitigate charging better than others, knowing the amount of charging a material usually
produces will help the user choose the SEM that will produce the highest quality images.
2.1.8 Introduction Summary
Based on the different polymers that are electrospun in the Tissue Engineering lab, the different
SEM modalities available, and the important parameters and issues such as spot size and
charging, it was deemed critical for BVM research to optimize and compare imaging modalities
and procedures. That work was the focus of Aim 1 and will be described below.

22

2.2 Materials and Methods
2.2.1 Methods Overview
To accomplish the goals of this chapter, PLGA, PCL, PLLA, and PLGA with salt scaffolds were
electrospun and imaged using the JEOL, Quanta, and Hitachi SEMs. Several comparisons were
performed between images of various specimens on all three of the SEMs. The methods of
scaffold production and imaging are detailed below.
2.2.2 Sample Fabrication
PLGA, PCL, and PLLA scaffolds were all fabricated by dissolving these materials in a solvent.
PLGA scaffolds, with or without salt, were fabricated by dissolving between 1.0446 and 1.0486
grams of PLGA in 4 mL of chloroform. The voltage on the electrospinner was set to 12 kV for
PLGA scaffolds without salt and at 16 kV for scaffolds with salt. PCL scaffolds were fabricated
by dissolving 0.5 ± 0.0004 gram of PCL in 3.75 mL of methylene chloride. The voltage was set
to 18 kV. PLLA scaffold fabrication varied more significantly as it was a new material used in the
lab, but the final trial dissolved 0.5370 grams of PLLA in 4 mL of chloroform. The voltage was
set to 14 kV. Each scaffold, regardless of material, was approximately 14-15 centimeters long
and had a 4 mm inner diameter.
2.2.3 Scaffold Preparation
After the scaffolds were electrospun, they were prepared for imaging. The preparation steps
varied based on SEM. For the Hitachi SEM, the samples were attached to a circular metal stub
using double-sided tape. Two samples were simultaneously adhered to the stub, so usually the
two halves of one sample were attached to the stub together. The Hitachi SEM is able to focus
on the sample more easily if the sample is close to the top of the sample chamber, so a height
gauge was used to measure the distance between the sample and the chamber roof. The stub
height was adjusted until the sample was approximately one millimeter from the roof of the
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chamber. Once the sample was properly measured, the sample chamber was evacuated, and
the sample stub locked into place in the chamber. The sample chamber was then closed and
vacuumed. After the chamber was fully vacuumed, the SEM was ready to begin capturing
images.
The JEOL and Quanta SEMs operate at a higher level of vacuum, so they required more
preparation steps. The scaffolds were desiccated and cut the same way, but there were more
steps to increase the samples’ conductivity. Samples were mounted on aluminum stubs (Ted
Pella, Inc, 16144) using double-sided conductive carbon tape (Ted Pella, Inc, 16084-2). Two
samples can also fit on these stubs, so both halves of one sample were typically mounted
together. After mounting, the samples were gold sputtercoated using a Danton Vacuum, Desk
IV for 60 seconds. To increase security of adherence to the stubs and to increase conductivity
of the samples, a thin strip of copper carbon tape (Ted Pella, Inc, 16072) was laid across the top
and bottom of each sample. The stub was then screwed onto a fixture. Once the samples were
prepared, the SEM sample chamber was evacuated and the sample was securely locked inside.
The sample chamber was then closed and vacuumed.
2.2.4 SEM Imaging Optimization and Comparisons
2.2.4.1 Optimization and Comparisons Overview
After all the different types of scaffolds were electrospun and prepared, they were imaged using
one or multiple SEMs and these images were used to optimize SEM settings or to compare
image sets. These optimization and comparison studies are detailed below.
2.2.4.2 SEM Spot Size
Before running comparison studies between SEMs, a study was performed to optimize
individual SEM settings. As previously discussed, spot size is an important user-adjustable
setting on the JEOL SEM. To test the effects of spot size on image quality, images of a PCL
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scaffold were captured on the JEOL SEM at spot sizes of 30, 40, 60, and the default 75. Prior to
imaging, the scaffold was desiccated overnight, cut, and sputtercoated for 60 seconds. The
resulting images were visually compared to determine the impact of spot size on image quality
and what the optimal spot size is for a PCL scaffold.
2.2.4.3 Hitachi SEM Operable Modes
While the Hitachi SEM has fewer user-controlled settings than the JEOL SEM, it has two distinct
operable modes: standard mode and charge reduction mode. Images were captured of a PLGA
scaffold using each of these modes to compare image quality and determine benefits and
drawbacks of each mode. Prior to imaging, the scaffold was desiccated overnight and cut.
2.2.4.4 SEM Comparison
Once the SEM settings identified above were tested and optimized, a comparison was
performed between the three SEMs used in Cal Poly’s Tissue Engineering Lab. Images were
captured of a PLGA scaffold at 250X, 500X, 1000X, and 2000X on the JEOL, Quanta, and
Hitachi SEMs. Prior to imaging, the scaffold was desiccated overnight and cut. The scaffold was
also sputtercoated before imaging on the JEOL and Quanta SEMs. The resulting images were
visually evaluated and compared.
2.2.4.5 PLGA/Salt Scaffolds
As discussed previously, salt can be added to a PLGA and chloroform mixture prior to
electrospinning to change the characteristics of the scaffold, namely fiber size. To evaluate
these new properties and determine the ideal way to image the scaffolds, a PLGA with salt
scaffold was imaged using the JEOL, Quanta, and Hitachi SEMs. Prior to imaging, the scaffold
was desiccated overnight and cut. The scaffold was also sputtercoated prior to imaging on the
JEOL and Quanta SEMs. The scaffold was imaged at 250X, 500X, 1000X, 1500X, 2000X,
3000X, 4000X, and 5000X on the Hitachi SEM and at 250X, 500X, 600X, 800X, 1000X, 1200X,
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1500X, and 2000X on the JEOL and Quanta SEMs. These images were then visually compared
to determine which SEM produced the highest quality images for PLGA with salt scaffolds.
2.2.4.6 PCL Scaffolds
PCL is a new material in Cal Poly’s Tissue Engineering Lab, so several tests were performed on
a PCL scaffold. The first test focused on characterizing PCL fibers. A PCL scaffold was
electrospun, desiccated overnight, cut, and imaged on the Hitachi SEM at 250X, 500X, 1000X,
and 2000X. The second study compared the capabilities of the JEOL and Hitachi SEMs. A PCL
scaffold was electrospun, desiccated overnight, cut, and imaged on the Hitachi SEM at 1000X
and 2000X. The scaffold was then sputtercoated and imaged on the JEOL SEM at 500X and
1000X. The images from these two studies were visually evaluated to determine PCL fiber
characteristics as well as to compare images of a PCL scaffold from different SEMs.
2.2.4.7 PLLA Scaffolds
PLLA is another new material in Cal Poly’s Lab, so similar tests were performed on a PLLA
scaffold as were performed on the PCL scaffolds. A PLLA scaffold was electrospun, desiccated
overnight, cut, and imaged on the Hitachi, JEOL, and Quanta SEM, each at 500X and 1000X.
Prior to imaging on the JEOL and Quanta SEMs, the scaffold was also sputtercoated. The
resulting images were visually evaluated to determine PLLA fiber characteristics as well as to
compare images of a PLLA scaffold from different SEMs.
2.3 Results
2.3.1 Results Overview
As described above, several studies were performed to optimize SEM settings and SEM
modalities. The results of these studies will be described in further detail below.

26

2.3.2 SEM Spot Size
The standard spot size on the JEOL SEM is 75, but for PCL fibers, this produced a blurry
image, as seen in Figure 9A. During the study, the spot size was decreased from 75, gradually
down to 30. Figure 9B showed a sharper image at a spot size of 60, and Figure 9C showed an
even sharper image at a spot size of 40. In Figure 9D, the spot size had been decreased to 30,
which continued to sharpen the image but also darkened the background so that deep fibers
began to become lost.

Figure 9: PCL scaffolds captured by the JEOL SEM at different spot sizes. (A) Spot size of
75, (B) Spot size of 60, (C) Spot size of 40, (D) Spot size of 30.
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2.3.3 Hitachi SEM Operable Modes
The Hitachi SEM’s two operable modes, standard mode and charge reduction mode, captured
different types of images. The images captured in standard mode, as seen in Figures 10A and
10B, showed a high contrast picture that allows for sharp detail and high depth of visualization.
There was a significant amount of charging, as seen in the blown-out regions of bright white.
The images captured in charge reduction mode, as seen in Figures 10C and 10D, showed a low
contrast picture with less detail and depth than the images captured in standard mode. There
was also no charging present in these images.

Figure 10: Hitachi SEM charge reduction testing on a PLGA scaffold. (A) Standard mode at
250X, (B) Standard mode at 600X, (C) Charge reduction mode at 250X, (D) Charge reduction
mode at 600X.
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2.3.4 SEM Comparison
The Hitachi, JEOL, and Quanta SEMs all operate differently, therefore producing different types
of images, each with its own benefits and drawbacks. Figure 11 below shows a PLGA scaffold
that was imaged at different magnifications on each SEM. Figures 11A, 11D, 11G, and 11J
show images from the Hitachi SEM; Figures 11B, 11E, 11H, and 11K show images from the
JEOL SEM; and Figures 11C, 11F, 11I, and 11L show images from the Quanta SEM. The
Hitachi images had the lowest resolution, detail, and depth while the Quanta images had the
highest resolution, detail, and depth. The JEOL images were somewhere in the middle of the
two. The JEOL and Quanta SEMs were also more prone to charging than the Hitachi SEM, so
their images were less uniform in brightness and had patches of bright white light. The focus
and level of detail of the JEOL and Quanta images also began to decrease as they reached
higher magnifications. As seen in Figure 11K, the JEOL SEM image began to blur at 2000X,
and the Quanta SEM image in Figure 11L lost much of its detail at 2000X. The Hitachi still
retained much of its resolution at 2000X and the fibers could still be clearly distinguished.
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Hitachi SEM

JEOL SEM

Quanta SEM

Figure 11: PLGA Scaffold as imaged on the Hitachi, JEOL, and Quanta SEMs at different
magnifications. (A) Hitachi SEM at 250X, (B) JEOL SEM at 250X, (C) Quanta SEM at 250X,
(D) Hitachi SEM at 500X, (E) JEOL SEM at 500X, (F) Quanta SEM at 500X, (G) Hitachi SEM at
1000X, (H) JEOL SEM at 1000X, (I) Quanta SEM at 1000X, (J) Hitachi SEM at 2000X, (K)
JEOL SEM at 2000X, (L) Quanta SEM at 2000X.
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2.3.5 PLGA/Salt Scaffolds
A PLGA/salt scaffold was imaged using the Quanta, JEOL, and Hitachi SEMs, as shown in
Figure 12. Figure 12A, 12B, and 12C were all taken at 2000X magnification, and the fibers were
too small at this magnification to be accurately measured. The Quanta image in Figure 12A was
the highest resolution and retained its sharpness, but there was some charging as seen in the
top of the image that decreased its ability to be quantified. The JEOL image in Figure 12B
reached its magnification limit and was out of focus, so it was not a viable option for anything
other than low-magnification, visual observation for salt scaffolds. The Hitachi image in Figure
12C did not have the detail and depth that the Quanta image did, but all the fibers were still
distinguishable. Figure 12D is a Hitachi image at 5000X, which was magnified to a level that it
was feasible to obtain a fiber diameter measurement from, and therefore a numerical
quantification instead of a solely visual one.
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Figure 12: PLGA and salt scaffold imaged using the Hitachi, JEOL, and Quanta SEMs. (A)
Quanta SEM at 2000X, (B) JEOL SEM at 2000X, (C) Hitachi SEM at 2000X, (D) Hitachi SEM at
5000X.

2.3.6 PCL Scaffolds
Figure 13 below shows four different images of PCL scaffolds. Some of the fibers were straight
while others curled over themselves multiple times. There were also some large gaps between
the fibers in Figure 13A and 13C. Another inconsistency with the PCL scaffolds was fiber size.
The fibers in Figure 13C and 13D did not look significantly different in diameter, but Figure 13C
was taken at 1000X while Figure 13D was taken at 2000X.
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Figure 13: PCL scaffolds imaged using the Hitachi SEM at different magnifications. (A)
500X, (B) 500X, (C) 1000X, (D) 2000X.

Figure 14 below shows a PCL scaffold imaged on both the Hitachi and JEOL SEMs. The Hitachi
SEM produced low contrast, low resolution images that were clear at magnifications up to
2000X, as seen in Figures 14A and 14B. Figures 14C and 14D were captured using the JEOL
SEM. There was notable charging in those images, as seen in the contrast between the bright
white and dark grey areas. The JEOL images were higher resolution, but even at 1000X in
Figure 14D, the image was beginning to lose focus.
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Figure 14: PCL scaffold imaged on the Hitachi and JEOL SEMs. (A) Hitachi SEM at 1000X,
(B) Hitachi SEM at 2000X, (C) JEOL SEM at 500X, (D) JEOL SEM at 1000X.

2.3.7 PLLA Scaffolds
Figure 15 below shows images of a PLLA scaffold taken on the Hitachi, JEOL, and Quanta
SEMs. Similar to PCL, PLLA was disorganized and curled over itself. In the comparison
between SEMs, these images showed similar trends as those with the PLGA and PCL images.
The Hitachi SEM images in Figures 15A and 15D were low resolution and low contrast. The
JEOL SEM images in Figures 15B and 15E and the Quanta SEM images in Figures 15C and
15F were high resolution and contrast and showed more depth and detail. But unlike the images
of the PLGA and PCL, there was almost no charging present in these images.
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Hitachi SEM

JEOL SEM

Quanta SEM

Figure 15: PLLA scaffold imaged on the Hitachi, JEOL, and Quanta SEMs. (A) Hitachi SEM
at 500X, (B) JEOL SEM at 500X, (C) Quanta SEM at 500X, (D) Hitachi SEM at 1000X, (E)
JEOL SEM at 1000X, (F) Quanta SEM at 1000X.

2.3.8 Results Summary
Overall, results from the comparison and optimization experiments illustrated that the Hitachi
SEM generally produced images that were lower resolution and low contrast, therefore
minimizing any charging effects without losing resolution at high magnifications. The JEOL and
Quanta SEMs generally produced images that were high resolution and contrast, but that began
to lose focus at high magnifications. PCL and PLGA with salt scaffolds tended to have more
charging effects while PLLA did not show nearly as much charging. PCL and PLLA fibers were
curly and disorganized while PLGA fibers were straight and organized. The variation in images
showed that different techniques are required for different specimens.
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2.4 Discussion and Conclusion
2.4.1 Discussion and Conclusion Overview
To meet the goals of this aim, scaffolds of several different polymer materials were tested on all
three of Cal Poly’s SEMs. Several settings on individual SEMs were also optimized for different
types of scaffolds. Optimal SEM settings and imaging modalities for different scaffolds will be
discussed below.
2.4.2 SEM Spot Size
While spot size is a user-defined setting on the JEOL SEM, the default is 75, so initial images
were captured at this spot size. The images tended to be blurry, out of focus, or exhibited
significant charging, so this test was performed to study the effect of changing spot size on
image quality. The image at a spot size of 75 was blurry and out of focus, but by decreasing the
spot size, the image clarity increased. Decreasing the spot size down to 30 caused the deeper
fibers to disappear into the background, so this was past the optimal spot size for this scaffold.
A spot size of 40 produced a clear image that did not hide any deep fibers, so it appeared to be
the optimal spot size. The optimal spot size will likely vary based on material and image
preparation steps, but it can be reached by maximizing sharpness without losing detail in the
image. This study was limited in that only a single scaffold was tested. If more PCL scaffolds
were tested, it would be clearer as to whether there is an optimal spot size for PCL as a material
or if the spot size of 40 only applied to the one scaffold tested. Imaging different materials would
also provide insight into optimal spot size variation between materials. But this initial test
showed that spot size has a large impact on image quality and that it is important to adjust spot
size if an image appears out of focus or there is significant charging53.
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2.4.3 Hitachi SEM Operable Modes
The Hitachi SEM’s two operable modes, standard mode and charge reduction mode, captured
two very different images. The images captured in standard mode were sharp but exhibited a
significant amount of charging. The images captured in charge reduction mode removed all
charging but also decreased the visible level of detail in the image. For the PLGA scaffold
imaged in this test, standard mode provided better images for fiber characterization and fiber
diameter measurement. In the charge reduction mode, it was more difficult to distinguish
between fibers so characterization and measurement would be more difficult, but those images
were more uniform in color.
For internal lab scaffold characterization, the standard mode image is preferable, but for
publication the charge reduction mode image is preferable. Since different materials and even
different scaffolds of the same material tend to produce different levels of charging, the optimal
operable mode will likely vary. As a general rule, some amount of charging is acceptable for
images intended for internal lab use, but charging should be minimized on images for
publication or external review. If excessive charging is present, rendering it difficult to discern
one fiber from another, charge reduction mode is the preferable mode for both internal and
external use. As with the JEOL SEM tests on spot size, the biggest limitation with this study was
that only a single scaffold was tested. To get a clearer idea of when standard mode and when
charge reduction mode is preferable, more scaffolds and different material scaffolds would need
to be tested. Even then, it may vary scaffold to scaffold, but there may be trends or
commonalities between certain types of scaffolds.
2.4.4 SEM Comparison
This side by side comparison of images from the Hitachi, JEOL, and Quanta SEMs provided key
insights into the benefits and drawbacks of each imaging modality. The Hitachi SEM images
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showed the least detail and depth at low magnifications, but they retained their resolution at
magnifications up to 2000X. All fibers were also clear and easily distinguishable and there was
no charging in the images. The JEOL SEM showed more detail than the Hitachi SEM images
but there were also inconsistencies in brightness across the images and at 2000X the image
was blurry and out of focus. The Quanta SEM showed the highest level of detail up to 1000X,
but quickly lost its depth and detail at 2000X. Charging was minimal in images up to 1000X, but
at 2000X the level of charging significantly increased.
Given these comparisons, the Hitachi SEM provided the most useful images at high
magnifications, so for scaffolds that have small fibers, the Hitachi SEM may be the most useful.
There was also the least charging in the Hitachi images, so it may also be the most useful for
imaging materials that are very nonconductive and historically have charging issues. For fiber
diameter measurements, the Hitachi images also appear promising as all of the fibers are
clearly distinguishable and would be easy to measure. The image resolution is lower than that of
the JEOL and Quanta images, so if a quantification software were used to measure fibers that
required a high image resolution, the Hitachi images may not suffice. But for the lab’s current
manual diameter measurement methods, the Hitachi images are sufficient.
One of the biggest drawbacks of Hitachi SEM images is that they lack image detail and depth.
Much of the fine detail that appears in the JEOL and Quanta images is lost in the Hitachi
images. Therefore, the JEOL and Quanta images are more appropriate for publications or
external review. The Hitachi images are sufficient for internal work and comparisons, but the
JEOL and Quanta SEM images are preferable for external use, as long as they are able to
sufficiently mitigate charging. But, if images are required at high magnifications, the Hitachi SEM
is likely still the best option as it does not become blurry.
The JEOL and Quanta SEMs produce images that are more similar to each other than to the
Hitachi SEM images, but there are still differences between the two. The Quanta images show
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more detail and are clearer at 2000X. Therefore, the Quanta SEM is preferred over the JEOL
SEM.
Another difference between the three SEMs is sample preparation. Each SEM requires
overnight desiccation and cutting, but the JEOL and Quanta SEMs also require sputtercoating
and often the addition of copper tape prior to imaging. In Cal Poly’s lab specifically, this requires
that the user suit up and enter a clean room, which increases preparation time and resource
use. The time required for use of each machine also varies. The Hitachi SEM vacuums its
chamber in approximately two minutes while the JEOL SEM takes between five and ten minutes
to vacuum its chamber. If the user needs to image several samples, this extra time adds up. For
publication images, this extra preparation and use time may be worth it, but for internal-use
images, the lower resolution Hitachi images may be acceptable and the decrease in preparation
and use time preferable.
2.4.5 PLGA/Salt Scaffolds
This study also compared the functionality of the Hitachi, JEOL, and Quanta SEMs, but for
PLGA/salt scaffolds. As the fibers of a PLGA/salt scaffold are smaller than those of a PLGA
scaffold, these scaffolds require higher magnification images. At 2000X, the Quanta image
showed a high level of detail and clarity that the images from neither other SEM did. There was
some charging at the top of the image, so if that charging were to spread further across the
image, it could be rendered unusable. But in its current state, the Quanta image showed the
most detail. The JEOL image was blurry and out of focus at 2000X, so it would not be much use
in capturing images of PLGA/salt scaffolds. The Hitachi images lacked depth and detail, but all
of the fibers were still clear and could be measured. At 2000X, fiber alignment could be visually
quantified, but they were still too small from which to obtain an accurate diameter measurement.
In the Hitachi image at 5000X, the fibers lacked nearly all detail and were represented as light
grey lines crossing the image, but they were large and clear enough to be measured. It is
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possible the Quanta SEM could also obtain a high magnification image for quantification, but
further tests would need to be run to show this. Down to 2000X magnification, the Quanta SEM
appeared to produce the most detailed and useful images for PLGA/salt scaffolds, but the
Hitachi SEM showed the capability to produce quantifiable images at higher magnifications.
2.4.6 PCL Scaffolds
PCL is one of the two new experimental scaffold materials in Cal Poly’s Tissue Engineering lab
and since it exhibits different properties than PLGA, it required different imaging techniques.
The fibers of a PLGA scaffold are typically straight and uniform, making them relatively easy to
quantify. However, this order and uniformity was not seen in the new PCL scaffolds. Some PCL
fibers were straight while others curled. Size also varied significantly within a single scaffold and
between different scaffolds. This could be due to inconsistencies in the electrospinning process
since it is a new material that the lab has not worked with before. It could also be inherent to
PCL in that it is more difficult to control and mold.
As seen with many different materials, the Hitachi SEM produced low contrast, low resolution
images for a PCL scaffold while the JEOL SEM produced high contrast, high resolution images
for a PCL scaffold. But, there was significant charging in the JEOL SEM images which rendered
the fibers much more difficult to quantify. The fibers in the Hitachi SEM image at 2000X were
also still distinguishable enough to be quantified which will likely be useful since the PCL fiber
diameters vary significantly and may need to be imaged at high magnifications. So, even though
the Hitachi images were lower resolution, they may be more functional for quantifying PCL
scaffolds.
2.4.7 PLLA Scaffolds
PLLA is another polymer that Cal Poly’s lab is experimenting with. The curl and disorganization
of the PLLA fibers presented a greater challenge in quantification than the straight fibers of
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PLGA. The three different SEMs showed similar trends as those seen in images of the PLGA
and PCL scaffolds. The Hitachi SEM images were low resolution and contrast while the JEOL
and Quanta images were high resolution and showed more depth and detail. The representative
PLLA scaffold displayed minimal charging and the fibers were not small enough that they
required high magnification for image quantification. Therefore, the JEOL and Quanta SEMs
may produce more useful images for PLLA scaffolds.
2.4.8 Summary of Optimal Parameters and Recommendations
After running several studies that compared the different SEMs, several trends pervaded the
results. As seen below in Table 1, the JEOL and Quanta SEMs required more preparation and
did not minimize charging, but they produced high resolution images. Between the two, the
Quanta SEM produced higher resolution images and did not show a magnification limit as low
as that of the JEOL SEM. The Hitachi SEM required fewer preparation steps, minimized
charging, and did not show a magnification limit, but it produced lower resolution images.
Therefore, each SEM is ideal for different specimens.
Table 1: Comparison of JEOL, Quanta, and Hitachi SEM images.
SEM
JEOL

Preparation
Overnight desiccation,
sputtercoating (~30
minutes)

Benefits
High resolution

Drawbacks
Low magnification limit, more
preparation steps, charging
issues

Quanta

Overnight desiccation,
sputtercoating (~30
minutes)

Highest resolution,
potential for high
magnification images

More preparation steps,
charging issues

Hitachi

Overnight desiccation

Minimal charging issues,
capable of capturing high
magnification images,
fewer preparation steps

Lower resolution
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In Table 2 below, three different scaffold materials were compared. While these results are
based on small sample sizes and may change when more images of each type are obtained,
they provided basic trends. For all material types, the Hitachi SEM produced the most functional
images for quick internal lab results. The images tended to be lower resolution than that of other
SEMs, but the wide magnification range of the Hitachi SEM allowed for a variety of materials to
be magnified enough that fibers could be measured. None of the images produced by the
Hitachi SEM were low enough resolution that the fibers could not be clearly distinguished. For
publication quality results, the Quanta SEM produced the optimal images because of the high
resolution and high level of detail. But, for materials that are nonconductive, the Hitachi SEM
may still be the best option because the Hitachi SEM can significantly minimize charging. The
Hitachi SEM may also be preferred for scaffolds with very small fibers because it can capture
images at a high magnification. The Quanta SEM was not tested at high magnifications and
therefore could potentially provide higher resolution images than those of the Hitachi, but further
testing is required to state this result.
Table 2: SEM comparison for PLGA/salt, PCL, and PLLA scaffolds.
Material

Charging?

PLGA/salt
PCL
PLLA

Yes
Yes
No

SEM for Quick Internal
Results
Hitachi
Hitachi
Hitachi

SEM for Publication Quality
Results
Hitachi (potentially Quanta)
Hitachi
Quanta
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Chapter 3: AIM 2 Automatic Fiber Diameter Measurement
3.1 Introduction
3.1.1 Introduction Overview
The second aim of this thesis was to validate and implement a MATLAB-based automatic fiber
diameter measurement tool. While other fiber diameter measurement tools exist, they are timeconsuming and exhibit high levels of user variability. The goals of testing the MATLAB-based
tool were to show accuracy in fiber diameter measurement and a decrease in user variability as
compared to other fiber measurement methods. To meet these two goals, fiber measurements
were obtained for two SEM image sets and two synthetic image sets using a manual method, a
semi-automatic method, and a new automatic MATLAB method. The measurements obtained
using the automatic MATLAB method were compared to known fiber diameters to validate the
accuracy of the tool. Additionally, three users performed each measurement and the three
user’s measurements were compared to assess user variability. The hypothesis of the study
was that the automatic tool would accurately report fiber diameter within a pre-determined range
while minimizing user variability, and the outcome from this aim was submitted for publication.
3.1.2 Fiber Diameter
Fiber diameter is an important characteristic of electrospun scaffolds because it affects cell
adhesion. When scaffold fibers are in the nanofiber range, cell adhesion increases as fiber
diameter decreases54. Collagen fibers provide much of the structural support to native tissues,
and while there are many different types of collagen, the average collagen fiber diameter is less
than 100 nm55. Therefore, smaller electrospun fiber diameters in the nanofiber range more
accurately mimic native collagen fiber diameters.
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3.1.3 Manual ImageJ Fiber Measurement
ImageJ is an open-source, Java-based imaging program that serves a number of useful
purposes within the scope of image processing56. In Cal Poly’s Tissue Engineering Lab
specifically, ImageJ is used to measure electrospun scaffold fiber diameters. The user first
measures and inputs the length of the scale bar to obtain the pixel to micron ratio that ImageJ
will use to transform length measurements in pixels to length measurements in microns. Then, a
5x5 circle grid, pictured in Figure 16 below, is overlaid on the desired SEM image. The user
uses ImageJ’s line tool to measure the diameter of one fiber in each of the 25 circles on the grid
overlay. ImageJ stores these measurements and then outputs 25 length measurements in
microns when the user is finished. These measurements are averaged to determine fiber
diameter for the entire scaffold.

Figure 16: 5x5 circle overlay used in the Image J fiber diameter measurement method. A
red line demonstrates the use of the line tool to measure the length of an individual fiber.
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3.1.4 Semi-Automatic DiameterJ Fiber Measurement
DiameterJ is a free, open-source ImageJ plugin that analyzes SEM images to determine
nanofiber diameter. The goal of the tool is to allow a user to determine fiber diameter from an
SEM image within 60 seconds. The user inputs an SEM image and the DiameterJ tool
segments the image into foreground and background, so the fibers are all colored white and the
background is all colored black. Then the tool asks the user to choose the “best segmentation”
out of a set of approximately 30 segmented images. The user chooses the image that has
correctly identified the most fibers while retaining enough distinction between them so that the
tool knows to count each as an individual fiber. Then the user runs the second phase of the
DiameterJ tool which measures fiber diameter on the “best segmentation” image to output a
series of data from the image, including average fiber diameter40.
3.1.5 Pixel to Micron Ratio
One of the important inputs when running images through any fiber diameter measurement tool
is the relationship between image pixels and the length these pixels represent. This allows the
tool to measure a length in pixels and transform that length into microns. Every SEM image is
equipped with a scale bar to show length in microns, so the image processing tool needs to
know how long the scale bar is in pixels to determine the pixel to micron ratio.
3.2 Materials and Methods
3.2.1 Methods Overview
To accomplish the goals of this aim, an automatic MATLAB-based fiber diameter tool was
validated for publication by measuring the fiber lengths of SEM images from two different image
sets using three different fiber measurement techniques as well as measuring fiber lengths of
synthetic images from two different image sets using the MATLAB tool. The user interface of
this tool is shown below in Figure 17. After validation for publication, several other exploratory
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studies were performed to test the MATLAB tool’s capability at high magnifications and to
compare properties between images from different SEMs. These studies will be described in
further detail below.

Figure 17: MATLAB Fiber Diameter Measurement Tool User Interface.
3.2.2 Use and Validation for Publication
3.2.2.1 Publication Overview
A MATLAB-based fiber diameter measurement tool was initially developed by a previous Cal
Poly student to automatically measure fiber diameter in an SEM image. The tool was validated
for publication using the image sets and data described below.
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3.2.2.2 Publication Image Sets
To validate the MATLAB-based fiber diameter measurement tool, four different image sets were
evaluated. Image Set 1 was obtained from the DiameterJ publication and consisted of six
images of electrospun PLGA sheets at 5000X and 6000X. Image Sets 2 and 3 each consisted
of 20 synthetic images with known fiber diameters from the DiameterJ publication, generated
using the InkScale graphics package40. The images in Image Set 2 contained fibers that were
ordered in a grid-like structure while the images in Image Set 3 contained disordered fibers,
similar to how electrospun polymer fibers randomly align. Image Set 4 consisted of eight images
of electrospun PLGA scaffolds captured on the Hitachi SEM at magnifications ranging from
250X to 2000X. Figures 18A below shows a representative image from Image Set 1, Figure 18B
shows a representative image from Image Set 2, Figure 18C shows a representative image
from Image Set 3, and Figure 18D shows a representative image from Image Set 4.

Figure 18: Sample image set from MATLAB studies. Representative image from (A) Image
Set 1 – DiameterJ publication PLGA SEM, (B) Image Set 2 – DiameterJ publication ordered
synthetic image, (C) Image Set 3 – DiameterJ publication disordered synthetic image, and (D)
Image Set 4 – BVM lab PLGA SEM image.
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3.2.2.3 MATLAB Tool Usage
When using the MATLAB fiber diameter measurement tool to evaluate image sets, each user
ran the script which prompted the selection of an image. Then, the user was asked if the pixel to
micron ratio of the image was known. If the ratio was known, it was entered and the remainder
of the script ran. If the ratio was unknown, as it was for all the images in Image Sets 1 and 4, the
script implemented a line tool with known pixel length that the user overlaid on the scale bar.
The length of the scale bar was inputted in both pixels and microns, allowing the tool to convert
pixel measurements into micron measurements. If there was no ratio associated with the image,
as there was for the images in Image Sets 2 and 3, the remainder of the script ran and
outputted values in terms of pixels rather than microns. If the pixel to micron ratio was entered,
the script outputted an average fiber diameter and standard deviation in pixels and in microns,
as well as a bar graph that showed diameter frequencies across the image. This tool was used
to acquire data for the publication, as detailed below.
3.2.2.4 MATLAB Data Acquisition
Fiber diameter measurements were obtained from Image Sets 1 and 4 using the MATLABbased tool as well as using a manual ImageJ-based method and a semi-automatic DiameterJbased method. The DiameterJ method was summarized above and previously published 40.
Fiber diameter measurements were obtained from Image Sets 2 and 3 using only the MATLABbased tool as the true diameters were known and could be compared against. A summary of the
measurement methods used on each image set is found below in Table 3. To decrease any
user bias, three users obtained measurements for each image using each applicable method.
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Table 3: Summary of MATLAB fiber diameter measurement tool validation publication
image sets.
Image Set
1
2
3
4

Number of Images
6
20
20
8

Image Type
SEM
Synthetic
Synthetic
SEM

Measurement Methods
ImageJ, DiameterJ, MATLAB
MATLAB
MATLAB
ImageJ, DiameterJ, MATLAB

3.2.2.5 Data Analysis
After fiber measurements were captured from each of the images using each of their respective
measurement methods, this data was used to validate the MATLAB fiber diameter
measurement tool. The two goals of the publication were to validate accuracy and to evaluate
user variability from current fiber diameter measurement tools, so the fiber measurements from
each image set was used to meet one or both of these goals.
To validate the accuracy of the tool, the measurements taken by each user from all image sets
were averaged, resulting in a calculated average fiber diameter for each image that accounted
for any user variability during measurement. The averages from Image Sets 2 and 3 were
compared to the known diameter values and a percent error was calculated. The averages from
Image Sets 1 and 4 were tested for statistical difference between each of the three methods
using a one-way ANOVA and a Tukey post-hoc comparison.
To assess user variability as compared with current measurement methods, variance between
users was calculated for each image in Image Sets 1 and 4 and then averaged across each
measurement method, resulting in an average user variance for the ImageJ, DiameterJ, and
MATLAB methods.
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3.2.3 Further Exploration
3.2.3.1 Further Exploration Overview
Following the data acquisition for the MATLAB tool publication, further exploration surrounding
the MATLAB tool’s capabilities and the characteristics of the SEM images used by the MATLAB
tool was performed. These exploratory studies are described in further detail below.
3.2.3.2 PLGA/Salt Scaffolds
After the publication images were quantified using the MATLAB tool, another image set was run
through the tool to determine the potential for internal use expansion. The MATLAB fiber
measurement tool was used on SEM images of PLGA scaffolds with varying concentrations of
salt, as shown in Figure 19. The scaffolds were electrospun with 0%, 0.5%, 1.5%, and 3%
added salt by weight percentage. Each scaffold was imaged on the Hitachi SEM at 500x, 1000x,
1500x, and 2000x and the diameters were measured using the MATLAB tool.

Figure 19: PLGA and salt scaffold with 1.5% salt imaged on the Hitachi SEM at 2000X.
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3.2.3.3 Pixel to Micron Ratio
After these PLGA image sets were run through the MATLAB tool, another study was performed
to test parameters surrounding the tool. PLGA, PCL, PLLA, and PLGA/salt scaffolds were
imaged using the JEOL and Hitachi SEMs to study the relationship between pixel to micron
ratio, image magnification, and SEM. ImageJ’s line tool was used to measure the scale bar on
these images in pixels, and then a pixel to micron ratio was calculated for each image. Ratios
were compared between a wide range of images of different materials at different
magnifications and captured on different SEMs.
3.2.3.4 SEM Calibration Testing
Another important factor surrounding the MATLAB fiber diameter measurement tool is the
calibration of the SEM used the capture the images. To test consistency between SEMs, a grid
pattern calibration tool with struts of known length were imaged on the Hitachi, JEOL, and
Quanta SEMs, as shown in Figure 20 below. Two images each at 500X, 1000X, and 2000X
were captured on the Hitachi SEM. Two images each at 500X and 1000X were captured on the
JEOL SEM. One image each at 500X, 1000X, and 2000X were captured on the Quanta SEM. A
grid strut in each of these images was measured using ImageJ’s line tool, and the measured
values were averaged to calculate one strut length for each SEM. These values were compared
to the known strut lengths to determine measurement accuracy of each SEM.
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Figure 20: The grid tool used to test SEM calibration as imaged on the JEOL SEM at
1000X.

3.3 Results
3.3.1 Results Overview
As described above, several studies were performed to demonstrate and validate the MATLAB
fiber diameter measurement tool for publication. Following these studies, further exploration on
the use of the MATLAB tool and the parameters surrounding the corresponding SEM images
was performed. The results of these studies will be described below.
3.3.2 Use and Validation for Publication
To validate the accuracy of the MATLAB fiber diameter measurement tool, fiber diameter
measurements were obtained from Image Sets 2 and 3 using the tool. One of the images from
Image Set 3 was incorrectly synthesized, so its fibers were thicker than reported. This data point
was excluded as no accurate data could be obtained from it. For the remaining images, the
measured diameters were compared to the known diameters. The measured diameters all fell
within 10% of the known diameters. The average percent errors for the ordered synthetic
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images in Image Set 2 and the disordered synthetic images in Image Set 3 are listed in Table 4
below. The MATLAB average percent error values were calculated from the acquired data while
the DiameterJ average percent error values were cited by Hotaling et al. As can be seen below,
the average percent errors are lower for each image set using the MATLAB tool than using the
DiameterJ fiber diameter measurement method. See Appendix D for the raw data.
Table 4: Average percent error for Image Sets 2 and 3 using the MATLAB-based fiber
diameter measurement tool and the measurements cited in the DiameterJ publication40.
Image Set

MATLAB Average Percent Error

2
3

1.9%
1.6%

Published DiameterJ Average
Percent Error
2.5%
4.7%

For the SEM images in Image Set 1, the Tukey post-hoc comparison showed that the average
fiber diameters obtained using the MATLAB tool were not statistically different from the
averages obtained using either the ImageJ and DiameterJ tools. Figure 21 below shows the
average fiber diameter for each of the images in Image Set 1. The averages for the ImageJ and
DiameterJ methods were significantly different for Image 6, but the MATLAB method average
was not significantly different from either of the averages from the two other methods. See
Appendix C for the Minitab output data.
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Figure 21: Average fiber diameter measurements for the images in Image Set 1 using the
ImageJ, DiameterJ, and the MATLAB tool.

For the images in Image Set 4, the results showed that some of the average fiber diameters
obtained using the MATLAB tool were statistically different from the averages obtained using
the ImageJ or DiameterJ tools. For images 2 and 3, the averages of the three different methods
were not statistically different. For images 6 and 7, the averages for the MATLAB and DiameterJ
methods were not statistically different, but the averages for the MATLAB and ImageJ methods
were statistically different. For images 1, 4, 5, and 8, the averages of the three different methods
were all statistically different. Figure 22 below shows the average fiber diameter for each of the
images in Image Set 4. See Appendix C for the Minitab output data.
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Figure 22: Average fiber diameter measurements for the images in Image Set 4 using the
ImageJ, DiameterJ, and the MATLAB tool.

In addition to comparing the average diameters between the three fiber diameter measurement
tools for Image Sets 1 and 4, variance between users for each of the three tools was also
calculated. As seen in Table 5 below, the user variance for both Image Sets 1 and 4 is highest
for the ImageJ method and lowest for the MATLAB tool. See Appendix E for the raw data from
Image Sets 1 and 4.
Table 5: Average variance between users for the ImageJ, DiameterJ, and MATLAB fiber
diameter measurement tools.

ImageJ
DiameterJ
MATLAB

Average Variance (μm2 )
Image Set 1
Image Set 4
2.329E-3
5.158E-2
5.207E-5
4.051E-3
1.984E-5
1.504E-4
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3.3.3 Further Exploration
3.3.3.1 PLGA/Salt Scaffolds
After running the MATLAB fiber diameter measurement tool on several image sets for the
publication, the tool was tested on several PLGA/salt scaffolds with varying concentrations of
salt. As can been seen in Table 6 below, the average fiber diameter decreased as salt
percentage increased up to 1.5%. After 1.5%, the average fiber diameter leveled out around
1.2um. Additionally, there was variability between the fiber measurements from the 500X and
2000X images, indicating that one was more accurate than another. Since PLGA/salt fibers are
significantly smaller than PLGA fibers, higher magnification images are necessary to accurately
measure PLGA/salt fibers. If the fibers are too narrow, the tool may not be able to distinguish
between fibers, so the fiber measurements from the 500X and 1000X images may not have
been as accurate as those from the 1500X and 2000X images.
Table 6: Average fiber diameters for PLGA/salt scaffolds with varying concentrations of
salt as measured using the MATLAB-based fiber diameter measurement tool.
Percent Salt
0%
0.5%
1.5%
3.0%

Average Fiber Diameter (um)
4.234
2.210
1.153
1.229

3.3.3.2 Pixel to Micron Ratio
After using the MATLAB tool to measure fibers, several image parameters were tested. To
compare the pixel to micron ratio between different SEMs, a PLGA scaffold was imaged using
all three of Cal Poly’s SEMs. As can be seen in Table 7 below, the ratio was different for images
from each SEM. A comparison was also performed to test consistency in pixel to micron ratio for
images taken on the same SEM at the same magnification. Both the Hitachi and JEOL SEMs
produced ratios that were consistent at a single magnification, regardless of subject matter. The
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final comparison tested ratios for a single SEM at different magnifications. These values showed
a linear relationship between magnification and pixel to micron ratio that can be represented by
the equation and Figure 23 below.
Table 7: Comparison data between SEM, magnification, material, and pixel to micron
ratio.
SEM
Hitachi

Magnification
250X

Material
PLGA

Pixel to Micron Ratio
1.93

500X

PLGA
PLLA
PLGA/salt

3.88, 3.88, 3.85
3.83
3.88

1000X

PLGA

7.72, 7.72, 7.76, 7.72

2000X

PLGA

15.47

JEOL

500X

PLGA
PCL

5.02, 5.02
4.96

Quanta

500X

PLGA

1.97

𝑦 = 0.0077𝑥 − 0.0139
18

Pixel to Micron Ratio
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Figure 23: Relationship between magnification and pixel to micron ratio on the Hitachi
SEM.
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3.3.3.3 SEM Calibration Testing
Images of the grid calibration tool were captured on the Hitachi, JEOL, and Quanta SEMs. The
struts were each known to be 10um and were measured to be 8.97um for the Hitachi, 9.89um
for the JEOL, and 10.08um for the Quanta SEM as seen in Table 8 below.
Table 8: Measured strut lengths for the Hitachi, JEOL, and Quanta SEMs.

2000X
2000X
1000X
1000X
500X
500X
Average
Percent Error

Hitachi SEM
8.84um
8.59um
8.97um
9.00um
9.23um
9.17um
8.97um
10.3%

JEOL SEM

Quanta SEM
9.73um

9.83um
9.64um
10.02um
10.06um
9.89um
1.1%

10.15um
10.00um
10.08um
0.8%

3.3.4 Results Summary
To meet the goals of this aim, several studies were performed surrounding the MATLAB-based
fiber diameter measurement tool. The results of these studies validated the MATLAB tool as
well as showed preliminary success oft the MATLAB tool measuring fiber diameters on
PLGA/salt scaffolds. These studies also developed a preliminary relationship between pixel to
micron ratio and image magnification as well as showed a discrepancy between measurements
for images from different SEMs.
3.4 Discussion and Conclusion
3.4.1 Discussion and Conclusion Overview
Overall, the work in this chapter aimed to validate and implement a MATLAB-based automatic
fiber diameter measurement tool while evaluating several related parameters. To accomplish
this aim, a variety of studies were undertaken and will be discussed below.
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3.4.2 Use and Validation for Publication
The purpose of this study was two-fold: to show accuracy in the MATLAB code’s measurement
tool, and to show that the MATLAB code decreased user variability as compared to other fiber
diameter measurement tools. To meet the first aspect, the fibers of 39 synthetic images in
Image Sets 2 and 3 were measured using the MATLAB tool and compared against the known
fiber diameters. The MATLAB tool outputted diameters that were within 10% of the known
values, validating that the MATLAB tool is reasonably accurate in measuring fiber diameters in
an image.
The data from Image Sets 1 and 4 was used to compare measurements and user variability
between three different fiber diameter measurement tools: ImageJ, DiameterJ, and the MATLAB
tool. When comparing measurements obtained from each of these three tools, the images in
Image Set 1 all showed that the MATLAB tool procured measurements that were not statistically
different from either ImageJ or Diameter. Some of the images in Image Set 4 showed that the
MATLAB tool’s measurements were not statistically different from those of ImageJ or
DiameterJ, but some showed that they were statistically different. As there were no known
“correct” average fiber diameters for any of these images, this data does not confirm nor deny
the accuracy of the MATLAB tool, but the data showing that the measurements from the
different methods was not statistically different instills more confidence in the tool’s accuracy.
The measurements from Image Set 4 may have been different than those of Image Set 1
because the images in Image Set 4 had lower resolution and because they had a larger fiber
diameter variability.
To show that the MATLAB tool decreased user variability as compared to other fiber diameter
measurement tools, average variance was calculated from each of the three methods using the
images from Image Sets 1 and 4. For both image sets, the ImageJ method showed the most
user variance, the DiameterJ method showed user variance in the middle of the other two
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methods, and the MATLAB method showed the least user variance. As the ImageJ method
requires the most user participation, the DiameterJ method requires an intermediate amount of
user participation, and the MATLAB method requires the least amount of user participation, it is
logical that these three methods exhibited their respective user variances.
Together the data from these image sets showed that the MATLAB code is accurate and that it
decreased user variability when compared to other fiber diameter measurement methods, so it
met the two goals for the new fiber diameter measurement tool. A paper surrounding the
findings from this study has been submitted for peer-reviewed publication, as the tool could be
useful to many other research groups.
3.4.3 Further Exploration
3.4.3.1 PLGA/Salt Scaffolds
The results from the PLGA/salt scaffold images showed that increasing salt concentration in the
PLGA mixture lead to a decrease in fiber diameter. As this was the expected result of the study
based on literature regarding the addition of salt to a mixture for electrospinning, these methods
helped to further validate the accuracy of the MATLAB tool10. While there were no known
correct diameters for the scaffolds, the expected trends matched the measured results, so that
instilled more confidence in the MATLAB tool as a method to measure fiber diameter.
Additionally, this study indicated that low magnifications were not sufficient to accurately assess
PLGA/salt fibers since they are so much smaller than PLGA fibers. There was variability
between the measurements captured from the 500X and 2000X images, so it is likely that the
measurements from the 500X and 1000X images were not as accurate since the fibers were
small and narrow.
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3.4.3.2 Pixel to Micron Ratio
The pixel to micron ratio is a crucial input in all fiber diameter measurement tools, and it was
important to test how these ratios change between different SEMs and magnifications. Between
different SEMs, the pixel to micron ratio was different and did not seem to be correlated to
resolution. The Hitachi SEM had a ratio between the JEOL and Quanta SEMs but has the
lowest resolution. For one SEM at a single magnification, there was no difference in pixel to
micron ratio, regardless of subject material. There was slight variation within each magnification,
but this was most likely due to user variability as the users hand-drew a line across the image’s
scale bar.
For one SEM at different magnifications, the ratios were linearly related. As the magnification on
the Hitachi SEM doubled, so did the pixel to micron ratio. The range of this study was limited to
between 250X and 2000X, so further testing would be needed to confirm the same trend below
250X or above 2000X. Further testing at a wider variety of magnifications within the range of
250X to 2000X would also help confirm this trend. But given the available data, there appeared
to be a linear trend between magnification and pixel to micron ratio that could be used to
extrapolate ratios from any magnification. These extrapolated values could be used to create a
chart of standard pixel to micron ratios for any magnification whenever fiber diameter
measurements are calculated. Using standard values would remove a source of user variability,
and in the case of the MATLAB tool, would completely remove user variability. Further tests with
a wider image set should be run to confirm these trends and produce more accurate average
ratios for each magnification. Similar tests on the JEOL and Quanta SEMs would determine
whether the same trends exist on these SEMs as well.
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3.4.3.3 SEM Calibration Testing
This test was performed to test the accuracy of each of the SEMs’ scale bars. As the scale bar
is used to determine fiber diameter measurements, its accuracy is important to accurately
measure fiber diameters. Given a 10um strut length, the JEOL and Quanta SEMs each showed
approximately 1% error using n=4 and n=3 sample sizes respectively. While these sample sizes
are small and a larger sample size would be necessary to determine percent error more
accurately, a 1% error is promising in showing that the scale bars of the JEOL and Quanta
SEMs are accurate. The Hitachi SEM showed a 10.3% error, which is a much highererror. While
a larger sample size would also be beneficial in this situation, every measurement was
consistently below 10um, indicating that any fiber measurements made from images on the
Hitachi SEM may be inaccurate. Before the Hitachi SEM can be used to collect any further
measurements, further testing or calibration should be performed.
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Chapter 4: AIM 3 Development of Silicone BVM Quantification Techniques
4.1 Introduction
4.1.1 Introduction Overview
The third aim of this thesis was to develop imaging techniques for silicone BVMs at each stage
of development. Since silicone is a new scaffold material in the laboratory, evaluation methods
previously used for electrospun scaffolds required modification. The first step in the process was
refining evaluation techniques to quantify cell adhesion and coverage on the scaffold using
SEM, widefield fluorescent imaging, and immunochemistry. After refining those methods, they
were applied and adapted to silicone BVMs with deployed flow diverter devices.
4.1.2 SEM Imaging
One of the most important imaging modalities for electrospun scaffolds in Cal Poly’s Tissue
Engineering Lab has been SEM. SEM captures gray scale images of surface topography,
allowing for the identification and quantification of fibrous scaffolds in the lab’s previous work7, 16.
The fibrous topography of an electrospun scaffold differs dramatically from an electrospun BVM
with a consistent cell layer, as seen in Figure 24, making identification of a cell lining
straightforward. However, silicone scaffolds are not fibrous so SEM images will appear
differently from those of electrospun scaffolds.
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Figure 24: PLGA Scaffold and BVM imaged on the JEOL SEM. (A) PLGA Scaffold on the
JEOL SEM at 250X. (B) PLGA BVM with endothelial cells on the JEOL SEM at 250X. The
endothelial cell lining is clearly distinguished due to the stark difference as compared with a
bare fibrous scaffold.

4.1.3 BBI Staining
Nuclear staining has also been another useful BVM characterization tool in the past28, 29. BBI
33342 is an adenine-thymine selective DNA fluorescent stain that labels DNA, chromosomes,
and nuclei. It excites at 360nm and emits at 600nm, appearing blue in color57. This technique
has been used in the majority of previous BVM studies, as outlined in the Introduction to this
thesis.
4.1.4 Hematoxylin and Eosin Staining
Hematoxylin and eosin have been used in the Cardinal lab to assess cell morphology16, 28. They
are two complementary stains used to identify morphological features of fixed cells under white
light. Hematoxylin is a dark purple stain that labels nucleic acids, so the nuclei of a typical cell
appears purple. Eosin is a pink stain that nonspecifically labels proteins, so the cytoplasm of a
typical cell and extracellular matrix of a tissueappear pink58. Usually hematoxylin and eosin
(H&E) staining is performed after histology on a thinly sliced sample embedded in paraffin wax.
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4.1.5 PECAM-1 for Endothelial Cell Staining
PECAM-1, or platelet endothelial cell adhesion molecule-1, is an endothelial cell-specific marker
that is applied using the immunochemistry process as described previously. PECAM-1 is
expressed on early and mature endothelial cells, platelets, and most leukocytes. CD31, the
associated primary antibody, highly expresses at junctions between adjacent endothelial cells59.
This makes it a common marker for endothelial cell phenotype, and it has been attempted in
previous BVM studies.
4.2 Materials and Methods
4.2.1 Methods Overview
To fulfill the goals of this chapter, silicone BVMs underwent several different staining and
imaging protocols. SEM imaging, white light imaging, fluorescent imaging, and confocal imaging
were all performed in conjunction with BBI, H&E, and PECAM staining. Details of these
methods are given below.
4.2.2 Silicone Samples and Silicone BVMs
All silicone samples used in these studies were fabricated and provided by an external source.
Silicone tubes were sent to Cal Poly’s Tissue Engineering Lab where they were cut into 3 cm
long segments and sterilized. All silicone samples used in these studies had a smooth finish..
The outer diameter varied based on wall thickness of the silicone, but the inner diameter of each
silicone tube was 3.5 mm. Every silicone BVM included a silicone scaffold, as described above,
with a fibronectin coating followed by an endothelial cell lining (Alyssa McCulloch, publication in
preparation). Some silicone BVMs included an aneurysm geometry as well, as is specified
below.
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4.2.3 SEM Imaging
The first set of studies on silicone BVMs involved SEM imaging. In SEM Study 1, a silicone
scaffold and a silicone BVM were imaged using the JEOL SEM. These images were compared
to determine whether there was a difference between an SEM image of a silicone scaffold and
an SEM image of a silicone BVM. In SEM Study 2, images of silicone BVMs and silicone
aneurysm BVMs (aBVMs) were captured on both the JEOL and Hitachi SEM. This study
compared images from different SEMs.
4.2.4 BBI Staining
After initial SEM studies were performed on silicone scaffolds and silicone BVMs, BBI staining
and fluorescent imaging were introduced. For all non-selective fluorescent staining, Abcam’s
bisbenzimide (BBI) 33342, also known as Hoechst 33342 was used. BBI Study 1 tested the
viability of using BBI as a nuclear stain for silicone BVMs. Silicone BVMs and silicone aBVMs
were stained with 1:1000 BBI and imaged on the fluorescent microscope. Then these images
were compared to images of a BBI-stained electrospun BVM. BBI Study 2 used BBI staining in
conjunction with SEM imaging to compare images of a silicone BVM using different imaging
modalities. Silicone BVMs were stained with 1:1000 BBI in TBS, imaged using the fluorescent
microscope, then dehydrated, sputtercoated, and imaged using the JEOL SEM. BBI Study 3
tested different dilutions of BBI mixtures. Silicone BVMs were stained with BBI at concentrations
of 1:1000, 1:1500, 1:2000, 1:2500, 1:3000, and 1:3500. Each silicone BVM was rinsed in TBS
three times for five minutes following staining. The BVMs were then viewed and imaged using
the fluorescent microscope.
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4.2.5 Hematoxylin and Eosin Staining
To expand the capabilities of the lab and to further evaluate the silicone BVMs, a hematoxylin
and eosin (H&E) stain was introduced. For these studies, Hematoxylin solution Premium (VWR
95057-844) and Eosin Y (yellowish) solution Premium (VWR 95057-848) were used.
As previously stated, the stain is normally used for histological samples, so the current protocols
needed to be altered to accomodate a whole BVM. The protocol used on tissue samples and
PLGA BVMs in Cal Poly’s biomedical engineering labs served as the procedural starting point
for H&E Study 1. This procedure included several rinses and reagents beyond hematoxylin and
eosin, including xylene, clarifier, and bluing reagent. H&E Study 2 altered this procedure by
decreasing eosin soaking time from 90 seconds to 60 seconds and increasing hematoxylin
soaking time from four minutes to six minutes (see Appendix A). After each stain, the BVMs
were viewed and imaged under white light.
After the first two studies, the procedure was significantly simplified by removing xylene,
clarifier, and bluing reagent in H&E Study 3. As shown in Table 9 below, three different
protocols were applied to three different sections of a silicone BVM. Sections A and B were
fixed in methanol and then soaked in hematoxylin and eosin for varying lengths of time. Section
C was fixed in PFA, stored in PFA overnight, then soaked in hematoxylin and eosin with an
intermediate DI water rinse.
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Table 9: H&E staining protocols for H&E Study 3.

15 sec
15 sec
15 sec

12 min
Overnight
15 sec
30 sec
1 min

Section A
Methanol
Hematoxylin
Eosin

15 sec
2 min
2 min

Section B
Methanol
Hematoxylin
Eosin

Section C
PFA
DPBS
Hematoxylin
Deionized Water
Eosin

H&E Study 4 served to further optimize the H&E methods. As seen in Table 10 below, Sections
A and B were fixed in methanol, cut, soaked in hematoxylin, rinsed in DI water, and then soaked
in eosin. Sections C and D were fixed in PFA, stored in TBS, cut, soaked in hematoxylin, rinsed
in DI water, and then soaked in eosin.
Table 10: H&E staining protocols for H&E Study 4.

15 sec
15 sec
30 sec
15 sec

Section A
Methanol
Cut
Hematoxylin
Deionized Water
Eosin

15 sec
15 sec
30 sec
1 min

12 min
15 sec
30 sec
15 sec

Section C
PFA
1X TBS
Cut
Hematoxylin
Deionized Water
Eosin

12 min
15 sec
30 sec
1 min

Section B
Methanol
Cut
Hematoxylin
Deionized Water
Eosin
Section D
PFA
1X TBS
Cut
Hematoxylin
Deionized Water
Eosin

In H&E Study 5, all four sections were fixed in methanol, cut, soaked in hematoxylin, rinsed in
DI water, and then soaked in eosin before white light imaging. As seen in Table 11, the
protocols for the different sections varied based on fixation time and eosin soak time.
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Table 11: H&E staining protocols for H&E Study 5.

15 sec
15 sec
30 sec
15 sec

Section A
Methanol
Cut
Hematoxylin
Deionized Water
Eosin

15 sec
15 sec
30 sec
1 min

Section B
Methanol
Cut
Hematoxylin
Deionized Water
Eosin

10 sec
15 sec
30 sec
15 sec

Section C
Methanol
Cut
Hematoxylin
Deionized Water
Eosin

10 sec
15 sec
30 sec
1 min

Section D
Methanol
Cut
Hematoxylin
Deionized Water
Eosin

4.2.6 PECAM-1 for Endothelial Cell Staining
Following SEM imaging, BBI staining, and H&E staining, PECAM-1 staining was introduced for
silicone BVMs. For the primary antibody, FLEX Monoclonal Mouse Anti-Human CD31,
Endothelial Cell, Clone JC70A (Agilent IS61030-2) was used. Two different secondary
antibodies were used: Alexa Fluor 647 and Alexa Fluor 488. The Alexa Fluor 647 was a goat
polyclonal secondary antibody to mouse IgG H&L (ab150115) that excites at 652nm and emits
at 668nm. The Alexa Fluor 488 was a goat secondary antibody to mouse IgG H&L (ab150117)
that excites at 495nm and emits at 519nm.
PECAM Study 1 used 1:200 primary antibody, 1:500 Alexa Fluor 647, and 1:1000 BBI on
straight silicone BVMs. The BVM sections were blocked and agitated, then incubated with
primary antibody on the shaker and left overnight. The next day the sections were incubated
with secondary antibody, agitated, and then counterstained with BBI (see Appendix B)60.
Images were captured on both the confocal and fluorescent microscopes. PECAM Study 2 used
the same procedure on silicone aneurysm BVMs but only captured images using the fluorescent
microscope.
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PECAM Study 3 applied the stain to a 2D endothelial cell culture in a four-well chamber using
an increased secondary antibody concentration from 1:500 up to 1:300. 1:200 primary antibody
and 1:1000 BBI were still used. PECAM Study 4 applied the PECAM-1 stain to a silicone BVM
with a deployed device. The protocol utilized the same blocking solution, 1:200 primary
antibody, and 1:1000 BBI. The secondary antibody, however, was switched to a greenfluorescing Alexa Fluor 488 at 1:300 concentration.
PECAM Study 5 increased the number of variables to be tested. Eight different protocols were
applied to eight sections of a BVM. The protocols differed in primary and secondary antibody
concentrations, type of nuclear stain, and amount of rinse steps. Alexa Fluor 488 was used as
the secondary antibody. See Table 12 below for all staining protocols.
Table 12: PECAM-1 staining protocols for PECAM Study 5.
Section
1
2
3
4
5
6
7
8

Blocking
Solution
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard

Primary
Antibody
1:200
1:200
1:200
1:400
1:200
1:200
1:200
1:400

Secondary
Antibody
1:300
1:300
1:300
1:300
1:300
1:200
1:300
1:200

Rinse

Nuclear Stain

3x 5min TBS
1x 5min TBS
5x 5min TBS
3x 5min TBS
3x 5min TBS
3x 5min TBS
3x 5min TBS
3x 5min TBS

BBI
BBI
BBI
BBI
DAPI
BBI
N/A
DAPI

PECAM Study 6 utilized a protocol from Mayo Clinic, which differed slightly from the procedure
previously used. One of the main differences was the blocking solution, which consisted of
TritonX, Donkey Serum, and TBS, as opposed to TritonX, Tween20, Glycine, and TBS. Each
BVM section received the same basic procedure, differing by primary antibody concentration
and excitation wavelength of secondary antibody. The secondary antibodies were all
administered at 1:300. Table 13 details the protocols used in PECAM Study 6. Both the confocal
and fluorescent microscopes were used to capture images of the stain.
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Table 13: PECAM-1 staining protocols for PECAM Study 6.
Section
1
2
3
4
5
6
7
8

Fibronectin?
Yes
Yes
No
No
Yes
Yes
No
No

Primary Antibody
1:20
1:200
1:20
1:200
1:20
1:200
1:20
1:200

Secondary Antibody
Alexa Fluor 488
Alexa Fluor 488
Alexa Fluor 488
Alexa Fluor 488
Alexa Fluor 647
Alexa Fluor 647
Alexa Fluor 647
Alexa Fluor 647

PECAM Study 7 reverted back to the original protocol (see Appendix B) that utilized blocking
solution with TritonX, Tween20, glycine, and TBS. 1:200 primary antibody was used but
concentrations and wavelengths of secondary antibody as well as concentrations of BBI varied.
Table 14 below details the staining protocols that were performed.
Table 14: PECAM-1 staining protocols for PECAM Study 7.
Section
1
2
3
4
5

Primary Antibody
1:200
1:200
1:200
1:200
1:200

Secondary Antibody
1:200 Alexa Fluor 488
1:200 Alexa Fluor 488
1:200 Alexa Fluor 488
1:200 Alexa Fluor 647
1:200 Alexa Fluor 647

BBI
1:1000
N/A
1:2000
1:1000
1:2000

PECAM Study 8 significantly increased both primary and secondary antibody concentrations.
Primary antibody concentration increased from 1:200 to 1:20 and secondary antibody
concentration increased from either 1:500 or 1:300 to 1:100. Two sections were stained with
Alexa Fluor 647 and one section with Alexa Fluor 488, but all were treated with the same
blocking solution. PECAM Study 9 utilized the same blocking solution, 1:20 primary antibody,
and 1:400 Alexa Fluor 488 as the secondary antibody.

71

4.2.7 Custom Fixture for Imaging Aneurysm Geometries
Throughout several of the above studies, silicone aneurysm BVMs were stained and imaged
along with straight silicone BVMs. As the bottom of an aneurysm is not flat, a fixture was
developed to allow for easier imaging on the fluorescent microscope, as seen in Figure 25
below. Many aneurysm BVMs were imaged under the fluorescent microscope using this tool,
especially silicone aBVMs with deployed devices as detailed below.

Figure 25: Aneurysm imaging fixture.
4.2.8 Flow Diverters in Silicone aBVMs
After extensive refinement of imaging and staining techniques, these methods were applied to
silicone BVMs and silicone aneurysm BVMs (aBVMs) with deployed flow diverters (FDs).
Device Study 1 focused on determining which assessment methods could be applied in
conjunction. The study did not actually include a device, but it was an immediate precursor to
the first device assessment. A silicone aBVM was cut in half longitudinally. One half of the
aBVM was stained with BBI and one half was stained with H&E. The H&E section was fixed in
glutaraldehyde, stored in DPBS, soaked in hematoxylin for 15 seconds, rinsed in DI water for 30
seconds, and soaked in eosin for 15 seconds. Each section was imaged, then dehydrated and
imaged using SEM. The SEM images were compared to determine if any differences were
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present between images of BVMs that had previously undergone different staining procedures.
Device Study 2 compared images of a silicone BVM with a deployed device that were captured
using the Hitachi and JEOL SEMs.
Device Study 3 applied BBI staining, H&E staining, and SEM imaging to a silicone aBVM with a
deployed device (that was contaminated during incubation, making it a good candidate for
testing new methods). It also served to provide reference images of a contaminated BVM under
different assessment methods. The aBVM was cut longitudinally in half. One half was stained
with 1:1000 BBI and one half was stained with H&E. For the H&E stain, the BVM was fixed in
glutaraldehyde, stored in DPBS, soaked in hematoxylin for 15 seconds, rinsed in DI water for 30
seconds, and soaked in eosin for 15 seconds. After the BBI and H&E stains, each half was
dehydrated and imaged using SEM.
Device Study 4 applied BBI staining, H&E staining, and SEM imaging to a silicone aBVM
without a deployed device to serve as a control for silicone aBVMs with deployed devices. The
control aBVM was cut longitudinally in half, but it was cut so that one half was thicker than the
other. The side with more curvature was stained with 1:1000 BBI while the side with less
curvature was stained with H&E. For the H&E stain, the aBVM was fixed in glutaraldehyde,
stored in DPBS, soaked in hematoxylin for 15 seconds, rinsed in DI water for 30 seconds, and
soaked in eosin for 15 seconds. After the BBI and H&E stains, each half was dehydrated and
imaged using SEM.
Device Study 5 followed the same staining and cutting protocols as those used in Device Study
4, staining a silicone aBVM with deployed device with BBI, H&E, and imaging using SEM. The
treated vessel in this case was uncontaminated and contained a successfully deployed device.
This treated silicone aBVM was also stained with PECAM-1, following the protocol described in
PECAM Study 9.
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4.3 Results
4.3.1 Results Overview
As described above, many different imaging and assessment methods were adapted and
developed for silicone BVMs. Each assessment method underwent several studies and protocol
iterations. The results of these studies are detailed below.
4.3.2 SEM Imaging
SEM Study 1 focused on imaging silicone scaffolds and silicone BVMs to determine if there
were any differences between images of the two. From all the images captured, three different
broad categories began to appear. Figure 26 below shows six images of silicone BVMs,
captured on the JEOL SEM at 250X and 500X that illustrate these categories. Figure 26A and
26D illustrate Type 1, characterized by a smooth, flat, generally untextured surface with small
particulates littering the surface. Figure 26B and 26E illustrate Type 2, characterized by a
smooth, flat, untextured surface with large clumps littering the surface. Figure 26C and 26F
illustrate Type 3, characterized by a textured, often cracking surface, sometimes covered with
large lumps.
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Figure 26: Three types of silicone BVM JEOL SEM images. (A) Type 1 at 250X, (B) Type 2
at 250X, (C) Type 3 at 250X, (D) Type 1 at 500X, (E) Type 2 at 500X, (F) Type 3 at 500X.

Other images captured during SEM Study 1 in Figure 27 below showed a clearly peeling cell
lining, which may provide insight into what the three types of images represented in Figure 26
above are. The sections in each image that are the scaffold appeared smooth and untextured
as do the Type 1 images in Figure 26, while the sections that contain the intact cell lining
showed the textured surface covered with large clumps, as seen in the Type 3 images in Figure
26.

75

Figure 27: Silicone BVMs with peeling endothelial cell lining, imaged using the JEOL
SEM at 500X.

After the initial SEM images were captured on the JEOL SEM in SEM Study 1, SEM Study 2
provided a comparison between SEM images captured on the Hitachi and JEOL SEMs. Figure
28 below shows two different BVMs, each captured on the Hitachi and JEOL SEMs. The Hitachi
images in Figure 28A and 28B show dark spots and the JEOL images in Figure 28C and 28D
show circular outlines.
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Figure 28: Silicone BVMs imaged on the Hitachi and JEOL SEMs. (A) Silicone BVM imaged
using the Hitachi SEM at 250X, (B) Silicone BVM 2 imaged using the Hitachi SEM at 250X, (C)
Silicone BVM 1 imaged using the JEOL SEM at 250X, (D) Silicone BVM 2 imaged using the
JEOL SEM at 250X.

4.3.3 BBI Staining
The first study involving BBI and silicone BVMs, BBI Study 1, compared images of a BBIstained silicone BVM and a BBI-stained electrospun BVM. Figure 29A and 29C show a stained
silicone BVM and Figure 29B and 29D show a stained electrospun BVM. Electrospun scaffolds
often autofluoresce, making it difficult to distinguish between stained cells and unstained
scaffold. Silicone scaffolds do not autofluoresce, which allows for a clear distinction between
stained cells and unstained scaffold.
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Figure 29: Silicone and electrospun BVMs stained with BBI. (A) BBI stained silicone BVM at
4X, (B) BBI stained PLLA at 4X, (C) BBI stained silicone BVM at 10X, (D) BBI stained PLGA
BVM at 10X.

Once BBI staining was established as an acceptable assessment method for silicone BVMs, it
was used to clarify the findings of SEM images in BBI Study 2. Figure 30 below shows two
different silicone BVMs, one with high cell coverage, and one with low cell coverage. The BVM
in Figures 30A and 30B shows high cell coverage, verified by the large quantity of blue-stained
nuclei. The corresponding SEM image in Figure 30A shows a textured and cracking surface, as
seen previously in Type 3 SEM images. The BVM is Figures 30C and 30D shows low cell
coverage, verified by the lack of blue-stained nuclei. The corresponding SEM image in Figure
30C shows a smooth, flat surface with small particles, as seen previously in Type 1 SEM
images.
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Figure 30: High and low cell coverage on a silicone BVM as shown using SEM and
fluorescent imaging. (A) High cell coverage on the JEOL SEM at 250X, (B) High cell coverage
on the fluorescent microscope paired with a BBI stain at 10X, (C) Low cell coverage on the
JEOL SEM at 250X, (D) Low cell coverage on the fluorescent microscope paired with a BBI
stain at 10X.

BBI Study 3 compared the efficacy of different concentrations of BBI on silicone BVMs. Figure
31 below shows BBI stains on silicone BVMs at concentrations ranging from 1:1000 down to
1:3500. The nuclei in Figures 31A, 31B, and 31C were all visible, although a bit dim in Figure
31C, and could be used for quantification purposes. Once the concentration dropped to 1:3500
in Figure 31D, the nuclei were still visible, but reaching the point in which they were too dim to
be useful.
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Figure 31: Silicone scaffolds stained with different concentrations of BBI. (A) 1:1000, (B)
1:2000, (C) 1:2500, and (D) 1:3500.

4.3.4 Hematoxylin and Eosin Staining
After implementing a BBI stain on silicone BVMs, a hematoxylin and eosin stain was attempted.
H&E Studies 1 and 2 utilized longer protocols that included more reagents and rinse steps.
Figure 32 below shows the results from these two trials.
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Figure 32: Images from H&E Studies 1&2 under white light at 10X. (A) H&E Study 1, (B)
H&E Study 2, (C) H&E Study 1, (D) H&E Study 2.

H&E Study 3 removed many of the intermediate reagents and rinses, simplifying the procedure
and decreasing the staining time significantly. One of the big comparisons between the
protocols used in this study was between different fixatives. The BVMs in Figures 33A and 33B
were fixed in methanol while the BVM in Figure 33C was fixed in PFA. The stains in Figures
33A and 33B used new hematoxylin but expired eosin while the stain in Figure 33C was used
both new hematoxylin and eosin. This renders it difficult to ascertain whether it was the fixatives
or the age of the reagents that led to these different images.
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Figure 33: Images from H&E Study 3 under white light at 10X. (A) Section A, methanol
fixed, (B) Section B, methanol fixed (C) Section C, methanol fixed.

Since the results from the previous comparison between methanol and PFA fixation were
unclear due to a mixture of new and expired reagents, H&E Study 4 again compared the effects
of methanol and PFA fixation. Figures 34A and 34B show images of sections that have been
methanol-fixed while Figure 34C and 34D show images of sections that have been PFA-fixed.
While all the images show clear cell linings, the nuclei are more well-defined in Images 34A and
34B.

82

Figure 34: Images from H&E Study 4 under white light at 10X. (A) Section A, methanol
fixed, (B) Section B, methanol fixed, (C) Section C, PFA fixed, (D) Section D, PFA fixed.

Based on the results from H&E Study 4, H&E Study 5 ran protocol iterations using methanolfixed BVMs. Figure 35 below shows four sections of a BVM that vary in methanol and eosin
soak time. All four images clearly show both eosin and hematoxylin.
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Figure 35: Images from H&E Study 5 under white light at 10X. (A) Section A, methanol fixed
(B) Section B, methanol fixed, (C) Section C, methanol fixed (D) Section D, methanol fixed.

4.3.5 PECAM-1 for Endothelial Cell Staining
The final stain that was applied to silicone BVMs was PECAM-1. Several iterations of the
PECAM procedure were performed during the course of these studies. PECAM Study 1 applied
the PECAM procedure that had been applied to electrospun BVMs in the past in Cal Poly’s
Tissue Engineering Lab to silicone BVMs. The BVM was imaged on both the confocal and the
fluorescent microscope, and while BBI was visible on each microscope, PECAM was not visible
on either, as seen in Figure 36.
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Figure 36: Silicone BVMs dual-stained with BBI and PECAM in PECAM Study 1. (A)
Fluorescent microscope at 4X, (B) Fluorescent microscope at 10X, (C) Confocal microscope at
4X, (D) Confocal microscope at 10X.

PECAM Study 2 utilized the same protocol as PECAM Study 1. Figure 37 below shows the blue
and red channels on the fluorescent microscope. As seen in Figure 37A, there was a consistent
cell lining that was BBI-stained. However, Figure 37B does not show any successful PECAMstained cells.
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Figure 37: Silicone BVMs dual-stained with BBI and PECAM in PECAM Study 2. (A)
Fluorescent microscope blue channel at 10X, (B) Fluorescent microscope red channel at 10X.

PECAM Study 3 applied a PECAM-1 stain to a 2D endothelial cell culture in a four-well chamber
since the procedure had not been successful for silicone BVMs. The glass under the four-well
chamber ended up being too thick for the confocal microscope and the stain did not show up
under the fluorescent microscope, so no images were captured.
PECAM Study 4 applied the same procedure to a silicone BVM, but used Alexa Fluor 488
instead of Alexa Fluor 647. As seen in Figure 38, some cell junctions were stained green, but
other parts of the cells were also bright green, indicating an issue with the stain.
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Figure 38: Silicone BVMs dual-stained with BBI and PECAM in PECAM Study 4. (A)
Fluorescent blue channel, 10X, (B) Fluorescent blue channel, 4X, (C) Fluorescent green
channel, 4X, (D) Fluorescent green channel, 10X.

In PECAM Study 5, eight different protocols were applied to eight sections of a BVM. The
protocols differed in primary and secondary antibody concentrations, type of nuclear stain, and
amount of rinse steps, but Alexa Fluor 488 was used as the secondary antibody for all sections.
Images were captured from the blue and green fluorescent channels at the same spot on each
BVM and overlaid. Figure 39 showed that the blue and green stained sections laid perfectly on
top of one another. Section 8 in Figure 39H was moved slightly between images so the stains
are not perfectly overlaid, but it still shows identical stains in each channel. There were also no
cell junctions visible.
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Figure 39: Silicone BVMs dual-stained with BBI and PECAM in PECAM Study 5. (A)
Section 1, (B) Section 2, (C) Section 3, (D) Section 4, (E) Section 5, (F) Section 6, (G) Section
7, (H) Section 8.
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Since the PECAM protocol for electrospun BVMs had produced limited success, a protocol from
Mayo Clinic was followed in PECAM Study 6. Neither the confocal nor the fluorescent
microscope produced any images of a PECAM stain, so no images were captured.
PECAM Study 7 reverted back to the original PECAM protocol. Images from the red or green
channels were overlaid on images from the blue channel for each section. In this study, Alexa
Fluor 647 did not show up under the fluorescent microscope, as seen in Figures 40D and 40E.
There appeared to be green staining on the sections stained with Alexa Fluor 488, as seen in
Figures 40A, 40B, and 40C, but there did not appear to be any PECAM-stained cell junctions.
Sections stained with Alexa Fluor 488 but without BBI, as seen in Figure 40B, still appeared to
have a blue-stained nuclei, so there was likely either significant bleed through or contamination
of the channels.

Figure 40: Silicone BVMs dual-stained with BBI and PECAM in PECAM Study 7. (A)
Section 1, (B) Section 2, (C) Section 3, (D) Section 4, (E) Section 5.
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In PECAM Study 8, two sections of a BVM were stained with Alexa Fluor 647 and one section
with Alexa Fluor 488. The Alexa Fluor 647 did not show any cells, as seen in Figure 41C, but
the Alexa Fluor 488 showed many cell junctions as seen in Figure 41B. There was still some
fluorescence outside of the cell junctions as seen in Figure 41B, which may have been due to
several different causes that will be discussed later.

Figure 41: Silicone BVMs dual-stained with BBI and PECAM in PECAM Study 8. (A) BBI on
the blue channel of the fluorescent microscope, (B) Alexa Fluor 488 on the green channel of the
fluorescent microscope, (C) Alexa Fluor 647 on the red channel of the fluorescent microscope.

The final PECAM study, PECAM Study 9, was performed on a BVM with a deployed device. As
seen in Figure 42 below, there are clear green cell junctions fluorescing on the scaffold.
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Figure 42: Silicone BVMs stained with PECAM-1 with deployed device in PECAM Study 9.

4.3.6 Custom Fixture for Imaging Aneurysm Geometries
In all studies, the aneurysm imaging fixture was very useful in the stabilization of BVMs with
whole aneurysms on the bottom of the section for imaging. The aneurysm rested in its pocket,
allowing for clear images from the fluorescent microscope.
4.3.7 Flow Diverters in Silicone aBVMs
Since multiple assessment methods were to be used for each silicone BVM, it was important to
test which methods could be performed on the same piece without damaging the BVM or its
contained device. Figure 43 below shows the results of Device Study 1. The BVM in Figure 43A
was stained with BBI and imaged using the fluorescent microscope before SEM imaging on the
Hitachi. The BVM in Figure 43B was stained with H&E and imaged using white light before
imaging on the Hitachi SEM. These two images appear very similar and both show an even
spread of grey spots across the frame.
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Figure 43: Silicone BVMs after different combinations of assessment methods. (A) Hitachi
SEM at 250X after BBI staining and imaging, (B) Hitachi SEM at 250X after H&E staining and
imaging.

Device Study 2 compared images of a silicone aBVM with a deployed device captured on both
the JEOL and Hitachi SEMs. The images in Figures 44A and 44B were captured using the
Hitachi SEM while the images in Figures 44C and 44D were captured using the JEOL SEM. The
backgrounds in each image set appeared similar, but the device struts in the Hitachi images
were blown out while the struts in the JEOL images were clear and similarly colored to the rest
of the image.
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Figure 44: Silicone BVMs with deployed devices imaged on the Hitachi and JEOL SEMs.
(A) Deployed device imaged using the Hitachi SEM at 250X, (B) Deployed device imaged using
the Hitachi SEM at 500X, (C) Deployed device imaged using the JEOL SEM at 250X, (D)
Deployed device imaged using the JEOL SEM at 500X.

After optimizing SEM procedures, BBI and H&E stains were applied to a silicone aBVM with a
deployed device in Device Study 3. Figure 45 below shows these three imaging techniques on a
silicone aBVM that was contaminated and therefore had a peeling and inconsistent cell lining. In
Figures 45A and 45B, some dark circles were seen but they were inconsistent throughout the
surface. In Figures 45C and 45D, a large bright section, indicating a peeling layer of cells was
seen. There are some cells still stuck to the scaffold, but coverage was limited. Figures 45E and
45F show a clear picture of cell coverage as there are large sections in the center of the BVM
that were not stained pink.
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Figure 45: Contaminated BVM with partial cell coverage. (A) Hitachi SEM at 250X, (B)
Hitachi SEM at 500X, (C) BBI under the fluorescent microscope at 4X, (D) BBI under the
fluorescent microscope at 10X, (E) H&E under white light at 4X, (F) H&E under white light at
10X.

After the study on the contaminated vessel above, an uncontaminated silicone aBVM without a
deployed device was stained and imaged to serve as a control in Device Study 4. In Device
Study 5, an uncontaminated silicone aBVM with a deployed device was stained and imaged.
Figure 46 below shows images from Device Studies 4 and 5, with and without deployed
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devices. The SEM images in Figures 46A and 46B showed cracking and the large bundles seen
previously that may indicate cell coverage. The BBI images in Figures 46C and 46D showed
clear cell coverage on the BVM without a deployed device (46C) and they show cell adhesion to
the device (46D). The H&E images in Figures 46E and 46F all showed a clear cell lining on the
BVM, which showed that the device was not damaging the cell lining upon deployment.
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Figure 46: Silicone aBVMs with and without a deployed device assessed using different
methods. (A) No Device, JEOL SEM at 250X, (B) Device, JEOL SEM at 250X, (C) No Device,
BBI under the fluorescent microscope at 10X,, (D) Device, BBI under the fluorescent
microscope at 10X (E) No Device, H&E under white light at 10X, (L) Device, H&E under white
light at 10X.
4.3.8 Results Summary
During the course of the above studies, SEM imaging, BBI staining, H&E staining, and PECAM1 staining were all adapted for silicone BVMs. BBI and H&E staining showed the most promising
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results while SEM imaging and PECAM staining showed limited success. Each assessment
method was also applied to a silicone BVM with a deployed flow diverter, and similar to silicone
BVMs without deployed devices, BBI and H&E staining provided the most information about the
BVMs with deployed devices.
4.4 Discussion and Conclusion
4.4.1 Discussion Overview
The goal of this aim was to adapt and apply different assessment methods to silicone BVMs
with and without deployed flow diverters. SEM imaging, BBI staining, H&E staining, and
PECAM-1 staining were applied to silicone BVMs. Each assessment method’s protocol
iterations and successes will be discussed and evaluated below.
4.4.2 SEM Imaging
The first comparison was between a silicone scaffold and a silicone BVM in SEM Study 1. While
the subject matter of every SEM image was not clear, three different image types began to
appear, as detailed above. It can be conjectured that the smooth surface seen in Type 1 was
the surface of the silicone, indicating the lack of a cell lining. The large clumps on the smooth
surface as seen in Type 2 may have been clumps of cells, indicating that there were cells
present, but that they did not effectively form a lining on the silicone’s surface. The textured
surface as seen in Type 3 may have indicated a cell lining, with the cracking representing
cracking in the cell lining. The images in Figure 26 that showed peeling cell linings reinforced
these ideas as the scaffold layer was similar to the Type 1 images and the cell layer was similar
to the Type 3 images. But, as these patterns have not been verified, more testing is necessary
to make any definitive statements about these images. So, while there appeared to be some
subtle differences between SEM images of silicone scaffolds and silicone BVMs, based on SEM
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Study 1, it is relatively difficult to ascertain knowledge about a cell lining from an SEM image
and it was determined thatthere are more desirable assessment methods.
In the comparison between the Hitachi and JEOL SEMs’ capabilities in imaging silicone BVMs
in SEM Study 2, both sets of images showed dark spots or circular outlines which were likely
cells or cell nuclei. The ability to visualize cells on the JEOL SEM in these images as opposed
to the images seen in SEM Study 1 may have been the result of increased cell coverage as the
cell culture procedures were more refined at this point in time. It also may have been due to the
optimization of SEM settings as time progressed. There may also have been differences in the
BVMs that were imaged in these two studies and the visualization may not be consistent across
all silicone BVMs as imaging capability changes dramatically based on the properties of the
sample. Between SEMs, the images from the JEOL SEM had a higher resolution and showed
more detail, but it was easier to identify individual cells in the Hitachi images. The outlines of
cells in the JEOL SEM images were not as clear or easy to distinguish. So, as was consistent
with previous studies, the JEOL SEM was preferable for higher resolution images but the
Hitachi SEM was preferable for quantification purposes.
4.4.3 BBI Staining
One of the earliest steps in developing imaging and assessment methods for silicone BVMs was
determining whether BBI was an effective method in BBI Study 1. Given the lack of
autofluorescence of silicone, BBI was shown to be a very useful technique in identifying cell
coverage. The protocol was not altered from the electrospun scaffold protocol, although given
the apparent lack of background staining in silicone BVMs, the rinse steps could potentially be
eliminated without detriment to the visibility of the stain.
Once BBI was an established assessment method, the images in BBI Study 2 were used to
confirm the patterns seen in SEM Study 1. As mentioned previously, three different types of
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SEM images had become apparent. Several BVMs were stained with BBI as well as imaged
using SEM and the results showed that BVMs with a lack of stained nuclei exhibited the smooth,
flat surfaces of Type 1 SEM images, previously conjectured to be silicone with no cell lining.
BVMs with consistent, high density cell linings exhibited the cracking, textured surfaces of Type
3 SEM images, previously conjectured to be a cell lining. These images indicated that a smooth,
flat surface was the surface of silicone while a textured, cracking surface was a cell lining.
BBI paired with the fluorescent microscope had served to be a useful tool in silicone BVM
assessment, but since the fluorescent microscope uses channels with wide ranges of
wavelengths, there can be significant bleed through between channels if stains with similar
emitting wavelengths are used simultaneously. Since Alexa Fluor 488, another commonly used
BVM stain, has a similar emission wavelength to BBI, a test was run to determine if the BBI
concentration could be lowered to decrease bleed through. In BBI Study 3, the nuclei were
visible down to 1:3500, although they were very dim at this level. At 1:2000 and 1:3000, the
nuclei were more easily visible. So, if a BVM needed to be dual-stained, the BBI concentration
could be lowered down to 1:3000 while still effectively staining cell nuclei.
4.4.4 Hematoxylin and Eosin Staining
As hematoxylin and eosin have been shown to be effective assessment methods for tissue
samples, several trials were conducted to determine its usefulness as an assessment method
for silicone BVMs. The starting place for this testing was H&E Studies 1 and 2, which utilized the
protocol previously used in Cal Poly’s biomedical laboratories for histology. These two stains,
the second of which varied both hematoxylin and eosin soak time, provided a baseline for
further protocol changes. Cells were visible but they were light in color, indicating moderate
success and a need for optimization of the staining protocol.

99

In H&E Studies 3 and 4, the protocol was significantly simplified to include an eosin soak, a
deionized water rinse, and a hematoxylin soak. New reagents were also purchased, which likely
contributed to the greater success of these studies. The images from these studies were much
brighter in color, indicating a higher degree of success in the stain. Both PFA and methanol
were used as fixatives, and both produced images that clearly showed cell coverage across
silicone BVMs. The PFA fixative diluted the hematoxylin so the nuclei were less vibrant, but the
eosin was still bright. Methanol fixation produced the highest quality images, as verified by H&E
Study 5, but methanol fixation is not compatible with all other assessment methods. For
example, the protocol for PECAM staining calls for PFA fixation and the protocol for SEM
imaging calls for glutaraldehyde fixation. Therefore, while methanol fixation produced the
highest quality H&E images, other fixatives that are more compatible with other assessment
methods while still producing H&E images that clearly show cell linings may be necessary.
4.4.5 PECAM-1 for Endothelial Cell Staining
After adapting and implementing several other staining protocols to silicone BVMs, several
iterations of a PECAM-1 staining protocol were applied to silicone BVMs with limited success.
While the later studies showed some success in identifying endothelial cell junctions, the first
few studies showed no success, and there are a few possible reasons for this. The first
possibility is that Alexa Fluor 647 could not be picked up by the red channel on the fluorescent
microscope at the concentrations that were tested. Despite other protocol refinements, no
success was ever shown in using Alexa Fluor 647. Since silicone is a thick material, silicone
BVM samples are generally too thick to be imaged on the confocal microscope, so the
fluorescent microscope was the only viable option unless the samples were sliced very thinly,
which was not practical as device deployment was the ultimate goal.
Another potential issue with the earliest PECAM studies was that the Triton-X, which makes up
part of the blocking solution, was unknowingly stored at room temperature when it was
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supposed to be stored in the refrigerator. This may have rendered the blocking solution inactive,
and therefore the entire stain ineffective. Another possible issue is that the stains and reagents
in the early studies were old and had lost their potency. All of the ingredients used in the first
staining attempts were taken from stores in the lab, rather than purchased new. After several
failed staining attempts, new reagents were purchased and the stains began showing more
positive results.
After a few studies using Alexa Fluor 647, Alexa Fluor 488 was substituted as the new
secondary antibody. In the first study using Alexa Fluor 488, PECAM Study 4, cell junctions
were visible, indicating some level of success in the stain, but other parts of the cells were also
brightly stained. While the cause of this staining is unclear, it could have been due to bleed
through between the blue and green channels, a problem with the blocking solution, or the
PECAM stain staining another part of the cell. Using DAPI instead of BBI or decreasing BBI
concentration did not mitigate this issue.
In PECAM Study 6, a protocol from Mayo Clinic was used, but there was no visible stain in any
of the resulting images. Therefore, PECAM Study 7 reverted back to the original protocol while
increasing secondary antibody concentration and varying secondary antibody type and nuclear
stain. None of these factors had any effect on the stain. In PECAM Study 8, the primary
antibody concentration was increased to 1:20 and the secondary antibody concentration was
increased to 1:100. With these new concentrations, there was still stain on other parts of the
cells, but cell junctions were clearly visible. In the final study, PECAM Study 9, primary antibody
concentration was retained at 1:20 but secondary antibody concentration was reduced back
down to 1:400. Cell junctions were again visible and other staining was significantly less vibrant
in the green channel, indicating that primary antibody concentration has a greater effect on
staining efficacy than secondary antibody concentration.
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After the final PECAM studies, the vendor contacted Cal Poly’s lab with the information that they
had determined the primary antibody batch they had sent showed no reactivity in one of their
tests, so they concluded that the product was unsuitable. Since that specific batch of primary
antibody was used for all except the earliest of the PECAM staining studies, that may have
accounted for the low success rates. While cell junctions were visible in the later studies when
the primary antibody concentration was high, the stain may have been more prominent in those
studies at lower concentrations if a functional primary antibody had been provided by the
vendor. In the future, it would be beneficial to test the PECAM staining protocol used in the final
two PECAM studies on silicone BVMs using a verified primary antibody and reagents that had
not yet reached their expiration dates.
4.4.6 Custom Fixture for Imaging Aneurysm Geometries
Whole aneurysms, as opposed to aneurysms that are cut down the middle, are more difficult to
image because of their rounded shape, so a fixture was needed to capture high quality images
of the aneurysm. A fluorescent image of the aneurysm can be captured by turning the vessel
over and shooting the image down through the aneurysm since the BVM is transparent, but the
images are lower resolution since they are being captured through the aneurysm. The fixture
allowed the aneurysm to be imaged from the inside because it provided a flat surface for the
bottom of the BVM, resulting in higher quality fluorescent images. This fixture was effective on
the fluorescent microscope but would not be feasible on the confocal microscope because the
confocal captures images from the bottom of the specimen and the fixture is opaque. SEM
images are even more difficult to capture since the entire inside surface of the BVM must be
exposed to the electron beam. A fixture to assist with SEM imaging of aneurysm BVMs would
also be beneficial as it is difficult to stabilize them on the SEM stubs.
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4.4.7 Flow Diverters in Silicone aBVMs
Once most of the staining and imaging procedures were refined for silicone BVMs, devices were
deployed in the BVMs to test cellular response to these devices. Since cutting a BVM that
contains a deployed device is difficult and causes risk of the device detaching from the BVM,
cutting was kept to a minimum. This meant that there were only two halves of each BVM
available for assessing, so if more than two assessment methods were to be applied to a single
BVM, one or both sections were going to require multiple treatments. So, Device Study 1 tested
multiple assessment methods on a single BVM section. One half was stained with BBI while
another half was stained with H&E. Both halves were imaged, dehydrated, and then imaged
using the SEM. Images of both appeared similar, so it was concluded that either BBI or H&E
could be applied to a silicone BVM before dehydration and SEM imaging.
Device Study 2 compared SEM images of a silicone aBVM with a deployed device from the
JEOL and Hitachi SEMs. Each SEM has shown its benefits and drawbacks in previous sections,
but the metrics of an image with a deployed device are different. Both SEMs showed a clear
background, but the devices struts in the Hitachi images were bright white and lacked any
detail, while the struts in the JEOL images were clear and showed detail. Therefore, the JEOL
SEM was preferable for silicone BVMs with deployed devices.
One of the first silicone aBVMs with a deployed device became contaminated early in its
incubation period, so it was used to test three different assessment methods in Device Study 3.
The SEM images showed grey circles that may have been cells, but it was unclear. The BBI and
H&E images clearly showed where there were cell linings and where the linings were peeling,
so while the SEM images indicated some cell coverage, the BBI and H&E images showed a
much clearer picture. In following studies, this trend was consistent.
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In Device Studies 4 and 5, the SEM images showed some cracking and textured surfaces that
indicated a cell lining in previous studies, but they did not add any information that could not be
obtained from a BBI or H&E image. The SEM images of the device struts also did not provide
any information about the interaction between the aBVM and the device. The H&E images
showed a clear picture of the cell lining on the surface of the silicone. Under white light
microscopy, the device struts were completely in shadow, so the H&E images did not show any
information about the device, but they did show that the device was not damaging the cell layer
at all. The BBI images provided the most information about a silicone aBVM with a deployed
device. In these images, cells could be seen on the surface of the BVM as well as adhered to
the device. The underlying cell layer was less clear in the BBI images than in the H&E images,
so a combination of these two methods would provide the clearest picture of cell response to a
device, but BBI staining alone provided the most information. Therefore, in future studies using
straight or aneurysm silicone BVMs, it would be ideal to use BBI and H&E staining as well as
PECAM-1 staining once the protocol is completely optimized for the imaging assessment. The
best and most finalized protocols to use for these stains are provided in Appendix F.
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Chapter 5: DISCUSSION AND CONCLUSION
5.1 Summary of Aims
The overall goal of this thesis was to optimize and refine imaging and assessment methods for
different types of BVMs during different stages of development. This goal was met by the
completion of three aims. The first aim was to optimize and compare imaging and assessment
techniques for electrospun scaffolds. Images from three different SEMs as well as images of
different electrospun materials were compared to determine the benefits and drawbacks of
each. The second aim was to validate and implement a MATLAB-based automatic fiber
diameter measurement tool. Fiber measurements were obtained for two SEM image sets using
a manual ImageJ method, a semi-automatic DiameterJ method, and a new automatic MATLAB
method. The measurements were compared to validate the accuracy of the tool as well as to
show a decrease in user variability as compared to other fiber measurement tools. The third aim
was to develop imaging techniques for novel silicone BVMs at each stage of development.
Evaluation techniques were refined and modified to suit silicone BVMs and then applied to
silicone BVMs with deployed devices.
5.2 AIM 1 Optimization of Electrospun Scaffold Imaging Conclusions
The goal of the first aim of this thesis was to optimize and compare imaging and assessment
techniques for electrospun scaffolds. One of the major outcomes from this aim was that spot
size can and should be altered to best suit the subject matter. The optimal spot size will likely
vary based on material and image preparation steps, but it can be reached by maximizing
sharpness without losing detail in the image. Another study performed to meet this aim
compared standard mode and charge reduction mode on the Hitachi SEM. Since different
materials and even different scaffolds of the same material tend to produce different levels of
charging, the optimal operable mode will likely vary. As a general rule, some amount of charging
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is acceptable for images intended for internal use, but charging should be minimized on images
for publication or external review.
An extensive review of SEM capabilities was performed to determine the benefits and
drawbacks of each. This study showed that the Hitachi SEM produces images at low resolution,
but that retain their resolution and level of detail at high magnifications. The JEOL SEM
produces images at higher resolution but charging is an issue and image sharpness significantly
decreases at high magnifications. The Quanta SEM produces images at the highest resolution
but also has issues with charging and has not been tested at high magnifications. Therefore, the
Hitachi SEM is preferable at high magnifications and for specimens that have low conductivity,
while the Quanta SEM is preferable at low magnifications and for specimens that have high
conductivity.
PLGA/salt scaffolds, PCL scaffolds, and PLLA scaffolds are all currently experimental in Cal
Poly’s Tissue Engineering lab. PLGA/salt and PCL produce small fibers that are susceptible to
charging. For these reasons, the Hitachi SEM is recommended for these materials, although the
Quanta SEM was not extensively tested at high magnifications. PLLA produces larger fibers that
are less susceptible to charging. For this reason, the Quanta SEM is recommended for this
material.
5.3 AIM 2 Automatic Fiber Diameter Measurement Conclusions
The goal of the second aim of this thesis was to validate and implement a MATLAB-based
automatic fiber diameter measurement tool. This tool was validated using SEM images and
synthetic images with fibers of known diameter. Measurement of the fibers in the synthetic
images confirmed accuracy of the tool while measurement of fibers in the SEM images
confirmed a decrease in user variability as compared to two other fiber measurement tools.
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The pixel to micron ratio is an important input in any fiber diameter measurement tool, so
several studies that were performed to meet this aim compared ratios between SEMs and at
different magnifications. Between SEMs, there appeared to be no correlation in pixel to micron
ratio. For a single SEM, there was a linear relationship between magnification and pixel to
micron ratio. With further testing and confirmation of this trend across a wider range of
magnifications, this ratio could be used to eliminate user variability using the MATLAB fiber
measurement tool.
Also within the scope of the studies to meet this aim was a calibration test of Cal Poly’s SEMs.
Images of a calibration tool with struts of known length were captured on each SEM and the
strut lengths were measured using ImageJ. It was discovered that the JEOL and Quanta SEMs
were reasonably calibrated, but that the Hitachi SEM was producing images that inaccurately
measured lengths. Therefore, any fiber measurements made from Hitachi SEM images may be
inaccurate.
5.4 AIM 3 Development of Silicone BVM Imaging Techniques Conclusions
The goal of the third aim of this thesis was to develop imaging techniques for novel silicone
BVMs at each stage of development. The assessment methods applied were SEM imaging, BBI
staining, H&E staining, and PECAM-1 staining.
SEM imaging, while it provided an idea as to whether cells were present on a silicone BVM, was
less clear than other assessment methods and provided no information that other methods did
not. For silicone BVMs with deployed devices, SEM imaging was even less helpful, as it
provided no information as to cell response to the device. BBI staining was the most helpful and
effective assessment method tested. It clearly showed where there was a cell lining present and
how dense the cells were. For a silicone BVM with a deployed device, BBI staining showed cells
that were on the device and provided information as to whether the cells were sticking to the
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scaffold or migrating towards the device. The protocol for BBI staining was also less time
consuming than other assessment methods and was consistently effective. H&E staining
provided a useful picture of the cell lining on silicone BVMs. Cell coverage, density, and
morphology could be easily visualized following this staining procedure. The H&E protocol also
was the least time-consuming protocol of all those applied to silicone BVMs. However, since
H&E was visualized using white light microscopy, it could not provide any information as to
device-cell interaction.
The PECAM-1 staining protocol went through numerous iterations. Most protocols were
ineffective, but as many of the reagents were old or improperly stored, it is unclear whether the
reagents or the protocol was the main source of error. Once all new reagents and stains were
used, the protocol proved more effective. Increasing primary antibody concentration increased
the efficacy of the stain most effectively, while increasing secondary antibody concentration did
not have as great of an effect.
The geometry of silicone BVMs proved to be another challenge. Straight (non-aneurysm) BVMs
were relatively easy to image as they lay flat on a microscope stud or slide. Aneurysm BVMs
were more challenging to image when the aneurysm was left whole and rested on the bottom of
the BVM slice. A fixture with a flat base and the negative shape of an aneurysm BVM for the
BVM to rest in allowed for easier imaging and higher quality images.
5.5 Big Picture Connections
As discussed previously, there have been several other groups that have studied tissueengineered blood vessels, but each have assessed their results in different ways. One of the
main goals of this thesis was to refine assessment methods so that within Cal Poly’s Tissue
Engineering lab there is an increase in standardization and quantification in assessment
methods. If every BVM is imaged using the same protocols and imaging techniques it will be
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much easier to accurately compare different studies. Methods such as the MATLAB-based fiber
measurement tool also increase the quality of assessment by producing a numeric assessment
of electrospun scaffolds with low user variability. While these studies and conclusions do not fix
the issue of assessment standardization and quantitative assessment in the field, they are
beneficial within Cal Poly’s lab.
Several of the protocols developed and optimized in this thesis have been used successfully by
others as well. Figure 47 below shows examples of BBI, H&E, and PECAM-1 stains that have
been used by other groups. The Hoechst image in Figure 47A and the BBI image in Figure 47D
are very similar. The H&E images in Figures 47B and 47C are also very similar. The PECAM-1
images in Figures 47C and 47F both show stained cell junctions, but the protocols must have
used different secondary antibodies as they are different colors.

Figure 47: Staining techniques from literature and this thesis. (A) Hoechst stain on human
umbilical vein endothelial cells12, (B) Hematoxylin and eosin stain on a sentinel lymph node61,
(C) PECAM-1 stain on epithelioid hemangioendothelioma62, (D) BBI stain on endothelial cells,
(E) Hematoxylin and eosin stain on endothelial cells, (F) PECAM-1 stain on endothelial cells.
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5.6 Limitations and Future Steps
5.6.1 AIM 1 Optimization of Electrospun Scaffold Imaging
The first aim of this thesis focused on testing small sample populations of different types of
scaffolds using different SEMs. While these samples provided useful insights into SEM imaging
of scaffolds, they were small in number and may not have accurately represented every trend in
SEM imaging. For example, spot size was only tested on the JEOL SEM with one scaffold.
Different scaffolds, especially made of different materials, may have different optimal spot sizes,
so a general optimal spot size cannot be reported as only a single scaffold was tested. Also, the
trends reported for PCL and PLLA scaffolds are based on fewer than five of each type of
scaffold. As PCL and PLLA scaffolds are new to the lab, and the electrospinning and mixing
processes are still being refined, future results regarding PCL and PLLA scaffolds may be
different from those obtained in these studies. Given the initial results of the PLGA with salt,
PCL, and PLLA, it would be very beneficial to run additional studies with larger sample sizes.
One of the issues with several of the images captured for this thesis was that they exhibited
charging, therefore increasing the difficulty of discerning the image content. So, other useful
additional studies could focus on systematically evaluating SEM parameters, such as voltage or
scanning speed, or preparation parameters, such as sputtercoating time, that would minimize
charging.
5.6.2 AIM 2 Automatic Fiber Diameter Measurement
One of the limitations of the study testing the pixel to micron ratio was the range of
magnifications tested. While a clear linear trend was shown between pixel to micron ratio and
magnification, images were only tested between 250X and 2000X. Expanding the range and
including more data points within the range would allow for increasingly accurate interpolation of
the ratio. Another limitation of this study was that multiple magnifications were only tested on the
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Hitachi SEM. The pixel to micron ratio was only measured on images from the JEOL and
Quanta SEMs at one magnification, so it is unclear whether the linear relationship is universal to
SEMs or whether it is unique to the Hitachi SEM. Further studies should be performed to
determine whether a similar linear trend exists for the JEOL and Quanta SEMs.
Performing these studies to obtain more data points regarding pixel to micron ratio could lead to
the development of equations that generate pixel to micron ratios for any SEM at any
magnification. These equations could be implemented into the MATLAB script for internal use,
therefore eliminating any user variability as the measurement of the scale bar is currently the
only source of user variability.
The MATLAB fiber diameter measurement tool has been validated using synthetic images and a
few PLGA SEM images captured using an SEM different than those used in Cal Poly’s labs.
Therefore, there are several future steps related to this tool. The tool could be tested using
images captured on one of Cal Poly’s SEMs to test whether the tool is accurate using different
SEMs. Images of different materials could also be tested. PCL and PLLA fibers tend to be
curlier and less organized than PLGA fibers, so it would be interesting and useful to see how
well the tool measures either of those type of fibers. Also, each synthetic image contained fibers
of a single diameter. To better represent the variety of diameters found in electrospun scaffolds,
synthetic images with fibers of non-uniform diameters could be created and measured using the
MATLAB tool to test its accuracy on different types of images.
5.6.3 AIM 3 Development of Silicone BVM Quantification Techniques
One of the limitations of the studies performed to meet this aim was the age and storage of the
H&E and PECAM-1 staining reagents. Upon testing a new assessment method, typically the
reagents used were those currently available in the Tissue Engineering lab. Since reagents and
stains can be expensive, initial testing was performed to show efficacy before more reagents
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were purchased. Several H&E and PECAM staining trials were performed using old or
improperly stored reagents, which led to indefinite results. A few of the stains did not appear to
be successful on the silicone BVMs, but it is unclear whether that is due to a faulty reagent or an
unrefined protocol.
The BBI and H&E staining protocols were well-developed and successfully implemented during
the course of this study, and while the later PECAM studies showed some amount of success, it
would be beneficial to run more studies with all new and active reagents. The final sequence of
staining and rinse steps seemed effective, but a few of the concentrations were still being
refined, so they could use more refining in the future.
Another issue with the PECAM stains was that many of the images using Alexa Fluor 488
showed green staining outside of the cell junctions, indicating some problem with the staining or
imaging techniques. This may have been due to bleed through between the blue and green
channels, a problem with the blocking solution, or the stain expressing in other parts of the cells,
such as the endoplasmic reticulum. Future studies could be performed to determine the cause
of this alternate staining and to determine how to decrease it. To test for bleed through between
the blue and green channels, future researchers could stain for only BBI or for only PECAM and
then image the sample using both channels.
Further studies with deployed devices would also be beneficial to solidify staining and imaging
techniques for silicone BVMs with devices. All imaging techniques were repeatedly applied to
silicone BVMs without deployed devices, but they were only applied to silicone BVMs with
deployed devices a few times. More studies could help confirm which assessment methods are
most useful. Longer time points would also be useful to show how different assessment
methods show device-cell interaction after several weeks as compared to the several days that
have currently been studied.
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5.7 Conclusion
The goal of this thesis was to develop and optimize imaging and image quantification
techniques for tissue engineered blood vessel mimics. To meet this goal, assessment methods
were refined, applied, and adapted to electrospun and silicone scaffolds, BVMs, and aBVMs,
and a new automatic fiber diameter measurement tool was tested and validated for electrospun
scaffolds specifically. Recommendations for optimal assessment methods for different scaffolds
and BVMs have been provided as well as recommendations for future studies. The application
of these recommendations will increase the consistency, standardization, and accuracy of
scaffold and BVM assessment in Cal Poly’s Tissue Engineering Lab.
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APPENDICES
Appendix A: Staining Protocols for H&E Studies 1 and 2.
H&E Study 1
3 min
Xylene
3 min
Xylene
1 min
100% Ethanol
1 min
100% Ethanol
2 min
95% Ethanol
1 min
Air Dry
4 min
Hematoxylin
1 min
Deionized Water
30 sec
Clarifier
1 min
Deionized Water
1 min
Bluing Reagent
1 min
Deionized Water
1 min
95% Ethanol
90 sec
Eosin
1 min
100% Ethanol
1 min
100% Ethanol
3 min
Xylene
3 min
Xylene

H&E Study 2
3 min
Xylene
3 min
Xylene
1 min
100% Ethanol
1 min
100% Ethanol
2 min
95% Ethanol
1 min
Air Dry
6 min
Hematoxylin
1 min
Deionized Water
30 sec
Clarifier
1 min
Deionized Water
1 min
Bluing Reagent
1 min
Deionized Water
1 min
95% Ethanol
1 min
Eosin
1 min
100% Ethanol
1 min
100% Ethanol
3 min
Xylene
3 min
Xylene
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Appendix B: PECAM-1 Staining Protocol 1
A. Cell Fixation and Permeabilization
Fix vessels in 4% PFA and incubate for 12 minutes at room temperature.
Wash with 1X TBS, 3 washes x 5 minutes each.
Remove 1X TBS and block the cells with 22.52 mg/ml glycine and 0.05% Tween20 in
TTBS (0.1X triton + TBS)] on the shaker for 1 hour at room temperature.
Wash with 1X TBS, 3 washes x 5 minutes each.
B. HUVECs: CD31 Staining
Remove TBS and incubate with CD31 primary (1:200 dilution) in 2% donkey serum in
TBS on the shaker for 1 hour at room temperature.
Incubate overnight at 4℃.
Wash the cells with 1X TBS, 3 washes x 5 minutes each.
Incubate with CD31 secondary - Alexa Fluor® 647 (1:500) in TBS on the shaker for 2
hours at room temperature covered in foil to protect from light.
Wash cells with 1X TBS, 3 washes x 5 minutes each.
C. Hoechst Staining
Stain with Hoechst (1:1,000) in 1X TBS for 10 minutes.
Wash cells with 1X TBS, 3 washes x 5 minutes each.
Store cells in 1X TBS.
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Appendix C: Fiber Diameter Measurement ANOVA Tukey Post-Hoc Output
Image Set 1:
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Image Set 4:
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Appendix D: Fiber Diameter Measurements for Synthetic Images
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Appendix E: Fiber Diameter Measurement User Variability
Image Set 1:

Image Set 4:
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Appendix F: Finalized BBI, H&E, and PECAM-1 Staining Protocols
BBI:
A. Soak vessels in 1:1000 BBI in 1X TBS for 20-30 minutes covered in foil to protect from
light. BBI concentration may be lowered down to 1:3000 if dual-staining is necessary.
B. Rinse vessels with 1X TBS, 3 rinses, 5 minutes each.
H&E:
A. Fix vessels in a fixative that is compatible with other vessel treatments. If no other
treatments required, methanol fixation for 15 seconds is preferable.
B. Cut vessels.
C. Submerge vessels in hematoxylin for 15 seconds.
D. Rinse vessels in deionized water for 30 seconds.
E. Submerge vessels in eosin for 15 seconds.
F. Store vessels in deionized water.
PECAM-1:
A. Cell Fixation and Permeabilization
Fix vessels in 4% PFA and incubate for 12 minutes at room temperature.
Wash with 1X TBS, 3 washes x 5 minutes each.
Remove 1X TBS and block the cells with 22.52 mg/ml glycine and 0.05% Tween20 in
TTBS (0.1X triton + TBS)] on the shaker for 1 hour at room temperature.
Wash with 1X TBS, 3 washes x 5 minutes each.
B. HUVECs: CD31 Staining
Remove TBS and incubate with CD31 primary (1:200 dilution) in 2% donkey serum in
TBS on the shaker for 1 hour at room temperature.
Incubate overnight at 4℃.
Wash the cells with 1X TBS, 3 washes x 5 minutes each.
Incubate with CD31 secondary - Alexa Fluor® 647 (1:500) in TBS on the shaker for 2
hours at room temperature covered in foil to protect from light.
Wash cells with 1X TBS, 3 washes x 5 minutes each.
C. Hoechst Staining
Stain with Hoechst (1:1,000) in 1X TBS for 10 minutes.
Wash cells with 1X TBS, 3 washes x 5 minutes each.
Store cells in 1X TBS.
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